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ABSTRACT
T h is  s tu d y  was a  f u n d a m e n ta l  a n a l y s i s  o f  tw o -p h a s e  a i r - w a t e r  f lo w  
th ro u g h  a  s l o t - t y p e  d i s t r i b u t o r .  Here a  d i v e r g i n g  m a n i f o ld  sy s te m  was 
u se d  to  i n v e s t i g a t e  th e  f a c t o r s  a f f e c t i n g  c r o s s f l o w ,  A s l o t  was c u t  
i n  th e  s i d e  o f  a  v e r t i c a l  1 - i n .  d i a m e te r  tu b e  p a r a l l e l  t o  t h e  tu b e  a x i s  
and a  c o n t r o l l e d  v a r i a b l e  p r e s s u r e  d rop  p e r p e n d i c u l a r  t o  t h e  m ain  s t r e a m  
f lo w  was em ployed  t o  remove a p o r t i o n  o f  t h e  m ain  s t r e a m .  The d i s ­
t r i b u t i o n  th ro u g h  th e  s l o t  was s t u d i e d  w i t h  r e s p e c t  t o  t h e  m ain  s t r e a m  
q u a l i t y  and  t o t a l  mass f l u x ,  t h e  l e n g t h  and w id th  o f  th e  s l o t  and th e  
p r e s s u r e  d ro p  a c r o s s  th e  s l o t »  A s i x  f o o t  l e n g t h  o f  p l e x i g l a s s  tube  
was u s e d  a s  t h e  m a in  f lo w  c h a n n e l»  T hree  s l o t  l e n g t h s  w ere  u s e d ;  1 . 6 6 -  
i n . ,  h - i n , ,  and 6 - i n .  w h i l e  t h e  s l o t  w id th  was v a r i e d  from  .0 1 2 - i n  t o  
, 0 8 0 - i n .  The t o t a l  nain s t r e a m  mass f l u x  was v a r i e d  from  2 0 0 ,0 0 0  to  
500,000  I b m / h r . f t ^  and th e  a i r  q u a l i t y  r a n g e d  from  0 . 2  t o  0 » 7  ab s y s te m  
p r e s s u r e  o f  50 p s i a »  The o r i f i c e  e q u a t i o n  e m p lo y in g  d i s c h a r g e  c o e f f i c i e n t s  
was fo u n d  t o  be s u c c e s s f u l  f o r  c a l c u l a t i n g  c r o s s f l o w  r a t e s .  The a i r  c r o s s -  
f lo w  was v i r t u a l l y  in d e p e n d e n t  o f  t h e  t o t a l  m ass  f l u x  w h i le  t h e  w a te r  
c r o s s f l o w  e x h i b i t e d  ogee  b e h a v io u r  p a s s i n g  f rom  c o n v e x  t o  concave  shape  
w i th  i n c r e a s i n g  m ass f l u x .  When th e  m ain  s t r e a m  q u a l i ty v ra s  i n c r e a s e d ,  
w h i l e  m a i n t a i n i n g  f i x e d  v a l u e s  o f  t h e  t o t a l  m ass  f l u x  and  r a d i a l  p r e s s u r e  
d r o p ,  t h e  m ass  f lo w  r a t e  o f  w a t e r  d e c r e a s e d  e x p o n e n t i a l l y .  The v a r i a t i o n  
o f  a i r  d i s c h a r g e  r a t e s  w i t h  q u a l i t y  was much l e s s  a s  com pared to  th e  
q u a l i t y  e f f e c t  on w a te r  c r o s s f l o w .  The a x i a l  p r e s s u r e  g a i n  a c r o s s  th e  
s l o t  was i n v e s t i g a t e d  and th e  v a lu e  o f  k ,  t h e  momentum c o r r e c t i o n  f a c t o r ,  
was o b t a i n e d  e x p e r i m e n t a l l y .  The a x i a l  p r e s s u r e  d rop  a c r o s s  th e  t e s t
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s e c t i o n  was a l s o  exam ined  and i t  was o b s e rv e d  t h a t  th e  L o c k h a r t - M a r t i n e l l i  
c o r r e l a t i o n  [ 20 ] f i t s  th e  d a t a  v e r y  w e l l  i n  th e  low q u a l i t y ,  low mass 
f l u x  r e g i o n .
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I INTRODUCTION
T h is  s tu d y  was c o n c e rn e d  p r i m a r i l y  w i t h  t h e  a c q u i s i t i o n  o f  c r o s s -  
f lo w  d a t a  f o r  a i r  and a i r - w a t e r  s y s te m s  f lo w in g  i n  a  s l o t t e d  p i p e .  
C r o s s f lo w  i s  d e f i n e d  h e r e  as  th e  n e t  m ass t r a n s f e r  r a t e  be tw een  two 
a d j a c e n t  c h a n n e l s  c o n n e c te d  th r o u g h  a  gap a lo n g  t h e i r  l e n g t h  when t h e  
i n t e r - c h a n n e l  p r e s s u r e  d i f f e r e n c e  i s  c o n s i d e r e d  t o  be  th e  d r i v i n g  
f o r c e .
T h e re  a r e  many p r a c t i c a l  e n g i n e e r i n g  a p p l i c a t i o n s  w here t h e  a b ­
i l i t y  t o  p r e d i c t  c r o s s f l o w  i s  o f  i m p o r t a n c e ;  v i z .  i n  m a n i f o ld  d e s ig n  
p ro b le m s  such  a s  g a s  b u r n e r s ,  s p r i n k l e r  s y s te m s ,  h e a t  e x c h a n g e r  h e a d e r s  
and c a n a l  l o c k  s y s te m s .  A know ledge o f  th e  amount o f  and f a c t o r s  
a f f e c t i n g  c r o s s f l o w  i s  o f  p a r t i c u l a r  im p o r ta n c e  i n  h e a t  e x c h a n g e r  d e ­
s i g n  when t h e r e  i s  p a r a l l e l  f lo w  i n  r o d  o r  tu b e  b u n d le s  w i t h  an open  
m a t r i x .  (See  F i g .  1 . 1 . )  S in c e  c r o s s f l o w  a f f e c t s  th e  m a ss ,  momentum 
and e n e rg y  b a l a n c e s  i n  e a c h  s u b c h a n n e l  t h e n  a  more a c c u r a t e  p r e d i c t i o n  
o f  l o c a l  f lo w s ,  e n t h a l p i e s  and p r e s s u r e s  i n  s u b c h a n n e l s  r e q u i r e s  a 
know ledge o f  c r o s s f l o w .
For  p a r a l l e l  f lo w  i n  r o d  ( t u b e )  b u n d le  h e a t  e x c h a n g e r s  w i th  an 
open  m a t r i x  a s u b c h a n n e l  i s  fo rm ed  by d ra w in g  a  l i n e  b e tw e en  ro d  
c e n t r e s .  S y m m e tr ic a l  a r r a y s  may be  d i v i d e d  i n t o  s e c t o r s  w hich  have  
i d e n t i c a l  b e h a v io u r  t h u s  r e d u c i n g  th e  number o f  s u b c h a n n e l s  t o  be c o n ­
s i d e r e d .  T h i s  i s  a l s o  shown i n  F i g .  1 . 1 .
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, T o t a l  Number o f  S u b c h a n n e ls  = 20 
T o t a l  Number o f  D i s t i n c t  S u b c h a n n e ls  = 5
F i g .  1 .1  T y p ic a l  Rod Bundle  C ro s s  S e c t io n
When t h e  h e a t  f l u x  i s  s u f f i c i e n t l y  h ig h  i n  p a r a l l e l  f lo w  ro d  
b u n d le s  h e a t  e x c h a n g e r s  t o  c a u s e  b o i l i n g ,  th e n  a  tw o -p h ase  f lo w in g  
sy s te m  m u st  b e  a n a ly z e d .  T h is  ty p e  o f  c o o l a n t  sy s te m  i s  e n c o u n te r e d  
i n  some n u c l e a r  r e a c t o r  d e s ig n s  w here a  know ledge o f  l o c a l  s u b c h a n n e l  
c o n d i t i o n s  c a n  be r e l a t e d  to  t h e  p r e d i c t i o n  o f  l o c a l  c r i t i c a l  h e a t  
f l u x .  C r i t i c a l  h e a t  f l u x  i s  d e f i n e d  h e r e  a s  t h e  h e a t  f l u x  a t  w hich  a 
r a p i d  d e t e r i o r a t i o n  o f  t h e  c o o l i n g  p r o c e s s  o c c u r s .
I n  t h i s  s tu d y  a  d iv e r g i n g  m a n i f o ld  sy s te m  i s  em ployed t o  i n v e s t ­
i g a t e  b o t h  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  t h e  f a c t o r s  a f f e c t i n g  c r o s s -  
f lo w  i n  a f lo w in g  s y s te m ,  A s l o t  was c u t  i n  th e  s i d e  o f  a c i r c u l a r  
p i p e  and  a  c o n t r o l l e d  v a r i a b l e  p r e s s u r e  d rop  p e r p e n d i c u l a r  t o  th e  
m ain  s t r e a m  f lo w  was employed t o  remove a p o r t i o n  o f  th e  m ain  s t r e a m .
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See F i g .  1*2 .
-  C o n t r o l l e d  P r e s s u r e  Chamber
C ro s s f lo w
M a in s tre a m  Flow
F i g .  1 .2  D iv e rg in g  M a n ifo ld  Model
The e x p e r im e n ta l  d a t a  w ere  o b t a i n e d  a t  a  p r e s s u r e  o f  50 p s i a  on 
WAFER*, an e x p e r i m e n t a l  lo o p  f o r  tw o -p h ase  two-com ponent ( a i r - w a t e r )  
s y s te m s .  A s i x  f o o t  l e n g t h  o f  p l e x i g l a s s  tu b e  one in c h  i n  d i a m e te r  
was u se d  as th e  m ain  f lo w  c h a n n e l .  S i n g le  p h ase  c r o s s f l o w  was s t u d i e d  
e m p lo y in g  a i r  a s  t h e  t e s t  f l u i d .  S in g le - p h a s e  and tw o -p h a se  c r o s s -  
f lo w s  were i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  t o t a l  m a in s t r e a m  mass 
f l u x ,  q u a l i ty '^ ,  p r e s s u r e  d rop  a c r o s s  t h e  s l o t ,  s l o t  l e n g t h  and s l o t  
w i d t h .  Three  s l o t  l e n g t h s  were u s e d ;  1 .6 6  i n . .  It i n . ,  and 6 i n .  w h i le  
th e  s l o t  w id th  was v a r i e d  from  0 .0 1 2  i n .  t o  O.O8O i n .  The t o t a l  m ain ­
s t r e a m  mass f l u x  was v a r i e d  from  200,000  t o  500,000  I b m / h r - f t ^  and 
t h e  a i r  q u a l i t y  r a n g e d  f rom  0 .2  t o  0 . 7 »
W ater A ir  Fog E x p e r im e n ta l  R ig  l o c a t e d  a t  C halk  R iv e r  N u c le a r  L ab ­
o r a t o r i e s  ^ B u i l d i n g  ^ 56 )
Q u a l i t y  i s  d e f i n e d  h e r e  a s  th e  r a t i o  o f  a i r  mass f lo w  r a t e  t o  th e  
t o t a l  a i r  and w a te r  mass f low  r a t e s
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The e f f e c t  o f  c r o s s f l o w  on th e  a x i a l  p r e s s u r e  g r a d i e n t  i s  r e p o r t e d  
a l s o .  S in c e  a  p o r t i o n  o f  t h e  m a in s t r e a m  f lo w  i s  d i v e r t e d  th ro u g h  th e  
s l o t ,  t h e  m a in s t r e a m  f lo w  i s  d e c e l e r a t e d .  T h i s  d e c e l e r a t i o n  s h o u ld  be 
accom pan ied  by a  c o r r e s p o n d in g  r i s e  i n  t h e  t e s t  s e c t i o n  s t a t i c  p r e s s u r e .  
The r e l a t i v e  m a g n i tu d e  o f  t h i s  s t a t i c  p r e s s u r e  r i s e  i s  i m p o r ta n t  a s  i t  
can  a f f e c t  th e  d i s t r i b u t i o n  o f  f lo w  th ro u g h  t h e  s l o t .  V a lu e s  o f  th e  
m a in s t r e a m  s t a t i c  p r e s s u r e  r i s e  w ere o b t a i n e d  a s  a  f u n c t i o n  o f  q u a l i t y ,  
t o t a l  m ass  f l u x ,  and  p r e s s u r e  d ro p  a c r o s s  t h e  s l o t .
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I I  LITERATURE SURVEY
A. INTRODUCTION
A s e a r c h  o f  th e  open  l i t e r a t u r e  d i s c l o s e d  no a c c o u n t  o f  e x p e r im e n t ­
a l  o r  t h e o r e t i c a l  work c o n c e r n in g  c r o s s f l o w  i n  tw o-phase  f lo w in g  s y s te m s .  
However, f lo w  r e d i s t r i b u t i o n  i n  a p a r a l l e l  f lo w  ro d  b u n d le  h e a t  e x ­
c h a n g e r  was d i s c u s s e d  b r i e f l y  by G reen  e t . a l . [ l ]  f o r  tw o -p h ase  f lo w  
c o n d i t i o n s .  ' ,
A number o f  i n v e s t i g a t i o n s  o f  t h e  m a n i f o ld  d e s ig n  p ro b le m  h a s  
been  c o n d u c te d  f o r  s i n g l e - p h a s e  f lo w .  The f l u i d  f lo w  m ec h a n ic s  f o r
a  d i s c h a r g i n g  s l o t  m a n i f o ld  a r e  b e l i e v e d  to  be s i m i l a r  t o  t h o s e  found
i n  i n t e r c h a n n e l  c r o s s f l o w .  E x i s t i n g  s i n g l e - p h a s e  m a n i f o ld  d a t a  [2 ]  
have b e e n  u s e d  to  p r e d i c t  c r o s s f l o w  [ 5 ] i n  r o d  bu n d le  h e a t  e x c h a n g e r s  
w i th  an  open  m a t r i x .  T h e re  a r e  two p o i n t s  o f  m a jo r  i n t e r e s t  i n  th e  
m a n i f o ld  p ro b le m ;
( i )  t h e  p r e s s u r e  change  w hich  o c c u r s  i n  t h e  m ain  f lo w  c h a n n e l  
o v e r  t h e  l e n g t h  o f  t h e  s l o t ,  and
( i i )  t h e  m ass f lo w  r a t e  t h ro u g h  th e  s l o t .
The a x i a l  s t a t i c  p r e s s u r e  r i s e  a c r o s s  t h e  s l o t  i n  a d i s c h a r g i n g  m an i­
f o l d  i s  t h e  r e s u l t  o f  t h e  com bined  e f f e c t s  o f  f r i c t i o n a l  l o s s e s ,  h y d r o ­
s t a t i c  h e a d  l o s s e s  and momentum c h a n g e s  accom panying  c r o s s f l o w .  I n  
g e n e r a l ,  a s  a p o r t i o n  o f  t h e  f l u i d  i n  t h e  m ain  c h a n n e l  i s  d i v e r t e d  
th ro u g h  th e  s l o t ,  t h e  m a in s t r e a m  v e l o c i t y  d e c r e a s e s .  T h is  d e c e l e r a t i o n  
o f  t h e  f l u i d  i n  th e  m ain  c h a n n e l  r e s u l t s  i n  an  i n c r e a s e  i n  t h e  s t a t i c  
p r e s s u r e  i n  a c c o rd a n c e  w i th  B e r n o u l l i ' s  e q u a t i o n .  F r i c t i o n a l  l o s s e s
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have  th e  o p p o s i t e  e f f e c t  on t h e  s t a t i c  p r e s s u r e .  The d e c r e a s i n g  h y d ro ­
s t a t i c  head  i n  th e  dow nstream  d i r e c t i o n  f o r  upward f lo w  i n  a v e r t i c a l  
p ip e  a l s o  t e n d s  t o  low er th e  s t a t i c  p r e s s u r e .  Hence f r i c t i o n a l  and 
h y d r o s t a t i c  h ead  e f f e c t s  work t o g e t h e r  w h i l e  t h e  momentum e f f e c t s  work 
i n  th e  o p p o s i t e  d i r e c t i o n /  th e  f i r s t  two t e n d i n g  t o  p roduce  a  p r e s s u r e  
d rop  and th e  l a s t  a  p r e s s u r e  r i s e .  However, f o r  s h o r t  m a n i f o l d s ,  th e  
f r i c t i o n a l  e f f e c t s  may be n e g l i g i b l e  [ 4] . Dow.[ 5] r e p o r t e d  t h a t  i n  
g e n e r a l  th e  p r e s s u r e  l o s s  due t o  f r i c t i o n  i s  r e l a t e d  t o  th e  s u r f a c e  
a r e a  o f  t h e  p i p e ,  w h i le  th e  p r e s s u r e  g a in  due t o  d e c e l e r a t i o n  i s  r e ­
l a t e d  t o  th e  c r o s s - s e c t i o n a l  a r e a  o f  th e  p i p e .  As th e  f lo w  a r e a  i s  
r e d u c e d  th e s e  e f f e c t s  become more p ro n o u n c e d .  Only f o r  t h e  c a s e  where 
t h e s e  two e f f e c t s  a r e  e x a c t l y  b a la n c e d  w i l l  th e  d i s t r i b u t i o n  from  the  
m a n i f o ld  be u n i fo rm  [ 6 ] .
F o r  s in g l e - p h a s e  w a te r  f lo w ,  t h e  g a in  i n  p i e z o m e t r i c  h ead  h a s  been  
found  t o  be s i g n i f i c a n t l y  l a r g e  [ 2 ]  and t h e  a s s o c i a t e d  h e a d  l o s s  o f  
t h e  m ain  f lo w  s t r e a m  i s  n e v e r  a s  much as  o n e - h a l f  t h a t  a t  an a b r u p t  
e x p a n s io n .  Soucek and Z e l n i c k  [ 7 ] have  r e p o r t e d  sudden  a x i a l  p r e s s u r e  
g a in s  o p p o s i t e  th e  d i s c h a r g i n g  p o r t  c e n t r e  l i n e .
S en eca l  rep or ted  th a t  o b t a in in g  an op tim a l m an ifo ld  d e s ig n  from 
th eo ry  s u f f e r s  from the f o l lo w in g  a s p e c t s  [ 8 ] ;
" F i r s t ,  a c t u a l  change i n  th e  v e l o c i t y  p r o f i l e  a t  th e  o u t ­
l e t  i s  n o t  c o n s id e r e d .  S econd , th e  momentum t r a n s f e r  
from  f l u i d  drawn o f f  t o  f l u i d  r e m a in in g  i n  th e  p ip e  i s  
assumed t o  be p e r f e c t ,  w hich  i s  n o t  t r u e .  T h i r d ,  g e n -
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e r a l  p r a c t i c e  assum es an o r i f i c e  c o e f f i c i e n t  o f  O.63  
w hich  i s  th e  w e a k e s t  p o i n t  i n  t h e  d e s i g n .  P r e s s u r e  
d rop  a c r o s s  th e  o r i f i c e  i s  g e n e r a l l y  one o r  two 
o r d e r s  o f  m ag n i tu d e  g r e a t e r  t h a n  th e  k i n e t i c  e n e rg y ,  
momentum o r f r i c t i o n a l  te rm s  o f  th e  m a n i f o ld  p ip e  
and t h e r e f o r e ,  a  s m a l l  e r r o r  i n  t h e  o r i f i c e  c o e f f i c ­
i e n t  i s  o f  m a jo r  i m p o r ta n c e .  The c o e f f i c i e n t  i s  a 
f u n c t i o n  o f  h o l e  s i z e  r e l a t i v e  t o  p ip e  d i a m e te r  and 
w a l l  t h i c k n e s s ,  u p s t r e a m  p r e s s u r e ,  medium w hich  th e  
f l u i d  d i s c h a r g e s ,  f lo w  r a t e  from  th e  h o l e  and f lo w  
r a t e  i n  th e  p ip e  a c r o s s  t h e  h o l e . "
B. SINGLE PHASE MANIFOLD EXPERIMENTS
E nger  and Levy [ 9 ] s t u d i e d  th e  v a r i a t i o n  o f  th e  a x i a l  p r e s s u r e  
g r a d i e n t  o v e r  and w a te r  d i s c h a r g e  from  a s e r i e s  o f  t e n  c l o s e l y  
s p a c e d  2 - i n ,  p i p e s ,  each  36- i n .  l o n g .  T hese  p i p e s  w ere c o n n e c te d  
t o  a  m a n i f o ld  h a v in g  a  2 - i n .  i n t e r n a l  d i a m e t e r .  W ater e n t e r i n g  one 
end  o f  th e  m a n i f o ld  d i s c h a r g e d  from  1- i n .  h o l e s  i n  th e  c a p s  on th e  
e n d s  o f  t h e  l a t e r a l s .  A t h e o r e t i c a l  a n a l y s i s  was d e v e lo p e d  em p lo y in g  
t h e  o r i f i c e  e q u a t i o n  to p r e d i c t  t h e  p r e s s u r e  a t  any p o i n t  i n  th e  m a n i­
f o l d  w i th  a  lo n g ,  n a rro w  s l o t  p a r a l l e l  t o  t h e  f lo w .  The h ead  l o s s  due 
t o  f r i c t i o n  was assum ed t o  be n e g l i g i b l e .  The d i s c h a r g e  c o e f f i c i e n t  
o f  th e  o p e n in g s  i n  th e  p ip e  was found  t o  d e c r e a s e  a s  t h e  v e l o c i t y  i n  
t h e  p ip e  i n c r e a s e d .
Oakey [1 0 ]  c o n d u c te d  a  s i m i l a r  e x p e r im e n t  i n v e s t i g a t i n g  th e  d i s ­
c h a rg e  o f  w a te r  from  s h o r t  t u b e s  ( w i th  s h a rp  e dged  e n t r a n c e  c o n d i t i o n s )
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8m ounted a t  r i g h t  a n g le s  to  th e  s i d e  o f  a  p i p e .  T e s t s  were made w i th  
v e l o c i t i e s  i n  t h e  p i p e  r a n g i n g  up t o  40 f t / s e c .  Oakey assumed t h a t
c . V
" ,
w here i s  th e  v o l u m e t r i c  r a t e  o f  f lo w  from  th e  t u b e ,  and i s  t h e  v o l ­
u m e t r i c  f lo w  r a t e  o f  t h e  m ain  f lo w  c h a n n e l ,  and C r e p r e s e n t s  t h e  p o r t i o n  
o f  th e  v e l o c i t y  head  Im m e d ia te ly  b e f o r e  t h e  tu b e  w hich i s  u t i l i z e d  by 
th e  f lo w  th ro u g h  th e  t u b e .  The c o e f f i c i e n t  o f  d i s c h a r g e  was t h e n  d e t e r ­
mined by  e m p lo y in g  th e  e q u a t io n *
I
As lo n g  as  C i s  c o n s t a n t ,  t h e n  th e  v a l u e s  o f  th e  l o s s  c o e f f i c i e n t  
and d i s c h a r g e  c o e f f i c i e n t  w i l l  be t h e  same,, in d e p e n d e n t  o f  t h e  m ain 
p ip e  d i a m e t e r ,  d i s c h a r g i n g  tu b e  d i a m e t e r ,  t h e  t o t a l  f lo w  i n  t h e  tu b e  
and t h e  d i s c h a r g e  from  t h e  tu b e  p r o v id e d  th e  r a t i o  o f  d i s c h a r g i n g  
tu b e  d i a m e te r  t o  p i p e  d i a m e te r  i s  c o n s t a n t .
Soucek  and Z e l n i c k  [ 7] have  a l s o  r e p o r t e d  e x p e r im e n ta l  d a t a  f o r  
m a n i f o ld  s y s te m s .  T hese  e x p e r im e n t s  w ere  p e r fo rm e d  i n  c o n j u n c t i o n  
w i th  t h e  d e s ig n  o f  th e  T h i r d  Locks o f  t h e  Panama C a n a l .  Soucek and 
Z e l n i c k  c o n s id e r e d  a h o r i z o n t a l  tu b e  t o  w h ich  a d i s c h a r g i n g  l a t e r a l  
p o r t  i s  a t t a c h e d .  Im m e d ia te ly  i n  th e  v i c i n i t y  o f  th e  p o r t  th e y  found 
an a b r u p t  p r e s s u r e  r i s e  in  th e  d i r e c t i o n  o f  t h e  f lo w .  The p r e s s u r e
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r i s e  i s  r e p o r t e d  t o  be sudden and o c c u r r i n g  o p p o s i t e  th e  p o r t  c e n t r e  
l i n e .  To d e te r m in e  th e  v a lu e  o f  th e  p r e s s u r e  r i s e ,  th e  u p s t r e a m  and 
dow nstream  p r e s s u r e  g r a d i e n t s  a r e  e x te n d e d  u n t i l  t h e y  i n t e r s e c t  a  v e r ­
t i c a l  e r e c t e d  a t  t h e  p o r t  c e n t r e  l i n e .  The d i f f e r e n c e  b e tw een  th e  
i n t e r s e c t i o n s  o f  th e  two g r a d i e n t s  a t  th e  v e r t i c a l  i s  th e  v a lu e  o f  t h e  
p r e s s u r e  r i s e .
//
The p o r t  d i s c h a r g e  was r e l a t e d  to  a  h ead  m easurem ent by th e  u s e  o f  
th e  o r i f i c e  e q u a t i o n .  The head  on th e  p o r t  was d e f i n e d  a s  t h e  d i f f e r ­
e n c e  be tw een  th e  p r e s s u r e  e x t e r n a l  t o  th e  p o r t  and th e  i n t e r s e c t i o n  o f  
th e  u p s t r e a m  g r a d i e n t  w i th  th e  v e r t i c a l  e r e c t e d  a t  t h e  c e n t r e  o f  th e  
p o r t .
The d a t a  w ere  r e d u c e d  t o  two c u rv e s  f o r  th e  d i s c h a r g e  p o r t s .  P l o t s  
o f  A P g / ( V j^ / 2 g j . ) v s .  and th e  d i s c h a r g e  c o e f f i c i e n t  v s .
w ere o b t a i n e d .  The r a t i o  was s e l e c t e d  as  t h e  in d e p e n d e n t  v a r i ­
a b l e  s i n c e  th e  r e l a t i v e  p r e s s u r e  c h a n g es  and d i s c h a r g e  c o e f f i c i e n t s  
showed no s i g n i f i c a n t  dependence  upon o t h e r  v a r i a b l e s .  However, th e  
p l o t s  r e v e a l e d  t h a t  t h e r e  was a s i g n i f i c a n t  change i n  d i s c h a r g e  c o ­
e f f i c i e n t s  w i t h  d i f f e r e n t  shaped  p o r t s .
K e l l e r  [ 6] c o n s id e r e d  th e  f lo w  o f  a  f l u i d  th ro u g h  a m a n i f o ld  h a v in g  
a u n i fo r m  d i s t r i b u t i o n  o f  h o l e s  a lo n g  i t s  l e n g t h .  T h i s  was t h e  c a s e  o f  
th e  " p ip e  b u r n e r "  f o r  gaseous  f u e l s .  He c o n c lu d e d  t h a t  two d im e n s io n le s s  
r a t i o s  were r e q u i r e d  to  d e f i n e  th e  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h i s  
ty p e  o f  m a n i f o ld .  These a r e  th e  r a t i o  o f  th e  a c t i v e  l e n g t h  o f  t h e  s e r i e s
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of holes to the diameter of the manifold L/d , and the area ratio
A / a o r  o ' p
Sum of areas of all discharge holes . 
•Cross-sectional area of manifold
The variation of discharge through the ports was taken to be
d e p e n d e n t  o n ly  upon t h e s e  two r a t i o s .  Only f o r  th e  c a s e  o f  l / D  = 7O
and A / a >  1 was th e  f lo w  from  th e  m a n i f o ld  c o n s id e r e d  to  be u n i fo r m  p' o
o v e r  th e  e n t i r e  l e n g t h .  The d i s c h a r g e  c o e f f i c i e n t  f o r  th e  h o l e s  was 
assum ed t o  be c o n s t a n t  and  t h e  f a c t  t h a t  t h e  m ain  f lo w  R e y n o ld s  number 
v a r i e d  a lo n g  th e  m a n i f o ld  was n o t  c o n s i d e r e d .
Dow [ 5 ] i n v e s t i g a t e d  th e  d i s t r i b u t i o n  o f  a  f l u i d  f lo w in g  th ro u g h  
a m a n i f o ld  w i t h  u n i f o r m l y  s p a c e d  o u t l e t s ,  s i m i l a r  to  th e  work o f  K e l l e r ,  
To a c h ie v e  a u n i fo r m  f lam e  h e i g h t  i n  a  g a s  b u r n e r  m a n i f o ld ,  i t  was 
r e a s o n e d  t h a t  t h e  f r i c t i o n a l  l o s s e s  i n  th e  m a n i f o ld  m ust be e x a c t l y  
b a la n c e d  by t h e  p r e s s u r e  g a in  p r o d u c e d  by a  p o r t i o n  o f  t h e  f l u i d  
l e a v i n g  t h e  m a n i f o ld  t h ro u g h  t h e  p o r t s .  Only f o r  t h i s  c a s e  w i l l  th e  
s t a t i c  p r e s s u r e  a lo n g  th e  m a n i f o ld  be c o n s t a n t .  I t  was shoim  t h a t  to  
a c h ie v e  a  u n i fo r m  f lam e  h e i g h t  a lo n g  th e  m a n i f o ld ,  t h e  r a d i u s  o f  th e  
m a n i f o ld  m ust  v a r y  from  th e  v a l u e  a t  t h e  i n l e t  e n d .  D e s ig n  c u rv e s  
were p r e s e n t e d  g i v i n g  th e  v a r i a t i o n  o f  t h e  h y d r a u l i c  r a d i u s  w i t h  th e  
d i s t a n c e  a lo n g  th e  m a n i f o ld  f o r  l a m in a r  and  t u r b u l e n t  f lo w .
K o e s t e l  and Tuve [1 1 ]  s t u d i e d  th e  d i s c h a r g e  o f  a i r  f ro m  a  lo n g  
s l o t  i n  a  d u c t .  The d u c t  r e c e i v e d  a i r  f rom  one end  o n ly  and  t h e  opp-
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o s i t e  end was d e a d -e n d e d .  E x p e r im e n t a l l y  i t  was found  t h a t  i f  th e  r a t i o  
o f  t h e  a r e a  o f  t h e  s l o t  t o  t h e  a r e a  o f  t h e  s u p p ly  d u c t  i s  h e ld  co n ­
s t a n t ,  t h e n  t h e  g e n e r a l  shape  o f  th e  d i s c h a r g e  s t r e a m  w i l l  be p r a c t i c ­
a l l y  in d e p e n d e n t  o f  th e  p r e s s u r e  i n  th e  s u p p ly  d u c t  o r  o f  t h e  w id th  o f  
th e  s l o t .  A t t h e  s l o t ,  th e  d i s c h a r g e  a n g le  o f  t h e  f lo w  i s  th e  v e c t o r  
r e s u l t a n t  o f  t h e  a x i a l  component o f  f lo w  v e l o c i t y  h e a d  and  th e  v e l o c i t y  
due t o  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  s l o t .  F o r  t h i s  s t u d y ,  s l o t  
l e n g t h s . o f  6 t o  12 f t  w ere  u s e d ,  t h e  s l o t s  b e in g  l / h - i n  t o  1 l / 2- i n  
w id e .  Both  ro u n d e d  e n t r a n c e  o r  n o z z l e  ty p e  s l o t s ,  and  s q u a re  edge 
s l o t s  w ere  t e s t e d  u s i n g  s q u a re  and r e c t a n g u l a r  d u c t s .
K o e s t e l  and Young [1 2 ]  d e v e lo p e d  a  t h e o r e t i c a l  m ethod f o r  ob­
t a i n i n g  a  u n i fo r m  a i r  d i s t r i b u t i o n  from  a  lo n g  s l o t  i n  a  d e a d -e n d e d  
d u c t  w h ich  t h e y  v e r i f i e d  by e x p e r im e n t .  McNown [ 2 ]  c o n d u c te d  a  
fu n d a m e n ta l  s tu d y  on th e  m a n i f o ld  p ro b le m  em p lo y in g  a  b r a s s  c o n d u i t  
o f  2 - i n  d i a m e t e r .  L a t e r a l s  w ere  c o n s t r u c t e d  o f  b r a s s  t u b i n g  1 - i n  
and l / 2 - i n  i n  d i a m e te r  w i th  t h e  j u n c t i o n s  b e in g  m ach in ed  t e e s  w i th  
a  s h a r p - e d g e d  i n t e r s e c t i o n .  W ater was s u p p l i e d  from  a c o n s t a n t - l e v e l  
t a n k  and was u s e d  a s  th e  t e s t  f l u i d  f o r  a l l  r u n s .
F i g u r e  2 .1  i s  a  d e f i n i n g  d iag ra m  f o r  th e  n o m e n c la tu r e  u s e d  i n  
Eq. 2 . 5 .





■ F i g .  2 .1  E le m e n ta l  Volume Over L a t e r a l
The change i n  head  f o r  th e  f low  t h a t  c o n t i n u e s  i n  t h e  c o n d u i t  was 
e x p r e s s e d  as
Pg -  ?1











h e a d  l o s s  due to  f r i c t i o n  [ f t ]
a v e ra g e  f l u i d  v e l o c i t y  u p s t r e a m  o f  l a t e r a l  [ f t / s e c ]
a v e ra g e  f l u i d  v e l o c i t y  dovm stream  o f  l a t e r a l  [ f t / s e c ]
s t a t i c  p r e s s u r e  [ I b f / f t ^ ]  
v o l u m e t r i c  f lo w  r a t e  [ f t ^ / s e c ]
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F i g u r e  2 . 2  i l l u s t r a t e s  McNovm's m ethod o f  a n a l y s i s  f o r  t h e  d i s ­
c h a rg in g  m a n i f o l d .
APa
C o n d u i t
Lateral
-Datum
F i g .  2 . 2  R e s u l t s  o f  a  T y p ic a l  E x p e r im en t  f o r  D i v i d in g
F low  -  McNown [2 ]
The d a t a  were r e d u c e d  by p l o t t i n g  ^  ^ a  v s .
a f t e r  t h e  work o f  Soucek  and Z e l n i c k  [ 5 ] »  E x p e r im e n ta l  c u r v e s  were 
o b t a i n e d  f o r  D ^ D  r a t i o s  o f  1 ,  l / 2  and l / h ,  Soucek  and  Z e l n i c ' s  d a t a  
w ere n o t  r e c o r d e d  f o r  Q^/Qj^ r a t i o s  l a r g e r  t h a n  0 . 5 .  McNovm's t r e a t m e n t  
e x te n d e d  th e  Q^/Q, r a t i o  t o  1 .0  w h ich  g iv e  a  c l e a r e r  u n d e r s t a n d i n g
5
o f  th e  phenomena.
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NcNown c o n c lu d e d  t h a t ;
( i )  th e  g a in  i n  p i e z o m e t r i c  h e a d  i s  l a r g e j
( i i )  th e  head  l o s s  i s  n e v e r  as  much a s  one h a l f  t h a t  a t  an  
a b r u p t  e x p a n s io n »
( i i i )  f o r  s m a l l  v a l u e s  th e  h e a d  l o s s  i s  a  s i z e a b l e
n e g a t i v e  q u a n t i t y .
C. SINGLE PHASE IIMIFOLD THEORIES
A c r iv o s  e L  [ I 5 ] p r o v id e d  a m ethod o f  a n a ly z in g  th e  m e c h a n ic s  
o f  f lo w  in  a  m a n i f o ld .  The f lo w  th ro u g h  a  s i n g l e  m a n i f o ld  was con ­
s i d e r e d  f i r s t  and t h e n  th e  t r e a t m e n t  was expanded  t o  c o v e r  a  m a n i f o ld  
w i t h  s e v e r a l  s i d e  p o r t s .
To f a c i l i t a t e  a  momentum b a la n c e  t h e  c o n t r o l  volume i n  F i g .  2 . 5  





F i g .  2 .5  C o n t r o l  Volume f o r  
Momentum B alance
R e p ro d u c e d  with pe rm iss ion  of th e  copyright ow ner .  F u r the r  reproduction  prohibited w ithout perm ission .
1 5
The p r e s s u r e  g a in  a c r o s s  t h e  s l o t  was r e l a t e d  t o  th e  d e c r e a s e  i n  




where k  i s  a  f a c t o r  t o  a c c o u n t  f o r  th e  f a c t  t h a t  t h e  v e l o c i t y  o f  t h e  
d i s c h a r g i n g  s t r e a m  i s  n o t  a t  r i g h t  a n g le s  t o  th e  m ain  f lo w .  I t  was 
recommended t h a t  t h e  v a lu e  o f  t h i s  f a c t o r  k  be d e te r m in e d  e x p e r i m e n t a l l y .  
T h i s  would  n e c e s s i t a t e  f i n d i n g  t h e  v a lu e  o f  th e  p r e s s u r e  g a in  a f t e r  th e  
m ethod o f  McNown [ 2 ]  and s u b s t i t u t i o n  i n  th e  above e q u a t i o n .  An e x ­
p e r i m e n t a l  s tu d y  r e v e a l e d  t h a t  k  d e c r e a s e d  a s  /D  was d e c r e a s e d .
C i c h e l l i  and Boucher [ 4 ]  p r e s e n t e d  a  d e s ig n  m ethod  w hich  m in­
im iz e d  th e  head  p r e s s u r e  i n  a  h e a t - e x c h a n g e r  and e n s u r e d  u n i fo r m  f lo w  
among th e  t u b e s .  F low  p a s s e d  from  th e  h e a d e r  t o  th e  h e a t - e x c h a n g e r  
tu b e s  by m aking a  r i g h t - a n g l e d  t u r n .  The f r i c t i o n  l o s s e s  were 
a t t r i b u t e d  t o  th e  f a c t  t h a t  p a r t  o f  t h e  f lo w  had  t o  move l a t e r a l l y  
t o  f e e d  th e  t u b e s .  The p r e s s u r e  v a r i a t i o n s  c a u se d  by  momentum changes  
were r e l a t e d  t o  th e  B e r n o u l l i  e f f e c t .  The momentum t r a n s f e r  o f  th e  
s i d e  f lo w  to  th e  m ain  h e a d e r  f lo w  was assumed t o  be p e r f e c t .  A ls o ,  
th e  f r i c t i o n a l  l o s s  t e rm  was n e g l e c t e d  i n  th e  d e s ig n  e q u a t i o n  a s  i t  
was found t h a t  th e  f r i c t i o n  te rm  was l e s s  th a n  20^  o f  t h e  momentum 
te r m .
D. TWO-PHASE CROSSFLOW
G reen  e t .  a î . [ 1 ]  h y p o t h e s i z e d  t h a t  b o i l i n g  i n  an open  ro d  m a t r i x  
c o u ld  c a u se  f lo w  r e d i s t r i b u t i o n  due to  the r e s u l t i n g  r a d i a l  p r e s s u r e
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g r a d i e n t  s e tu p  i n  th e  m a t r i x .  E x p e r im e n ts  were c o n d u c te d  t o  s tu d y  t h i s  
f lo w  r e d i s t r i b u t i o n  and  to  d e te r m in e  i f  c o r r e l a t i o n s  d e r i v e d  from  t e s t s  
on r e c t a n g u l a r  c h a n n e l s  w ere  a p p l i c a b l e  f o r  f lo w  p a r a l l e l  t o  r o d  b u n d l e s .  
The r o d  b u n d le  t e s t  s e c t i o n  c o n ta i n e d  n in e  r o d s  e n c lo s e d  i n  a  s q u a re  
s h ro u d .  W ater f lo w ed  p a r a l l e l  t o  th e  h e a t e d  r o d s  where b o i l i n g  o c c u r r e d .  
P r e s s u r e  t a p s  w ere  l o c a t e d  on th e  s h ro u d  e v e ry  1 5/ 8 - i n  and  i n s t a l l e d  
on th e  i n s i d e  o f  th e  ro d  b u n d le s  9  l / 4 - i n  a p a r t .  The m ea su red  p r e s s u r e  
d rop  a c r o s s  th e  r o d s  w as, i n  g e n e r a l ,  a b o u t  10 p e r  c e n t  l e s s  t h a n  th o s e  
m ea su red  a c r o s s  th e  s h r o u d .  I t  was b e l i e v e d  t h a t  f lo w  d i s t r i b u t i o n ,  o r  
i n t e r c h a n n e l  c r o s s f l o w ,  c a u se d  t h i s  d i f f e r e n c e  i n  p r e s s u r e  d r o p .  A l ­
though  th e  p r e s e n c e  o f  c r o s s f l o w  was e x p e r i m e n t a l l y  o b s e r v e d ,  i t  was 
c o n c lu d e d  t h a t  th e  a x i a l  r e d i s t r i b u t i o n  h a d  l i t t l e  e f f e c t  upon a x i a l  
p r e s s u r e  d r o p .
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I l l  AIR-WATER TEST LOOP AND ASSOCIATE EQUIPMENT
A. INTRODUCTION
The a i r - w a t e r  t e s t  lo o p  WAFER and a s s o c i a t e d  e q u ip m en t  u s e d  i n  
t h i s  s tu d y  w ere  l o c a t e d  i n  th e  Advance E n g in e e r in g  B u i ld in g  a t  C ha lk  
R iv e r  N u c le a r  L a b o r a t o r i e s .  I n i t i a l l y  t h i s  lo o p  was d e s ig n e d  and 
c o n s t r u c t e d  [ 14] t o  p e r m i t  tw o -p h ase  f lo w  s t u d i e s  on p r o t o t y p e  n u c ­
l e a r  r e a c t o r  r o d  b u n d le  g e o m e t r i e s .  F o r  t h e  p u r p o s e s  o f  t h i s  c r o s s -  
f lo w  e x p e r im e n t  m ino r  m o d i f i c a t i o n s  w ere  made t o  t h e  l o o p .
1 .  WAFER; W a te r -A ir -F o g  E x p e r im e n ta l  R ig
The a i r - w a t e r  t e s t  lo o p  u s e d  i n  t h i s  s tu d y  c o n s i s t e d  e s s e n t i a l l y  
o f  a r e g u l a t e d  100 p s i a  a i r  s u p p ly ,  a  c e n t r i f u g a l  pump f o r  w a te r  c i r ­
c u l a t i o n ,  a  m ix in g  s e c t i o n ,  a  t e s t  s e c t i o n  a s se m b ly ,  a  c y c lo n e  s e p ­
a r a t o r ,  a domicomer and a  r e c y c l e  f e e d  s t o r a g e  t a n k .  T h is  l o o p ,  w hich  
c o u ld  be o p e r a t e d  a t  p r e s s u r e s  up t o  65 p s i a ,  i s  diagrammed s c h e m a t i c a l l y  
i n  F i g .  3 . 1 .
A 100 p s i a  a i r  s e r v i c e  l i n e  o f  t h e  p l a n t  was f i l t e r e d ,  m e te re d  and 
f e d  th ro u g h  a  b ank  o f  f o u r  o r i f i c e s  t o  t h e  m ix e r  b e f o r e  th e  t e s t  s e c t i o n .  
An a i r  v e n t  v a l v e  on th e  s e p a r a t o r  was em ployed t o  m a i n t a i n  a  c o n s t a n t  
i n l e t  p r e s s u r e  t o  th e  t e s t  s e c t i o n  f o r  a l l  e x p e r i m e n t a l  r u n s .
17
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W ater  was s u p p l i e d  by a  Durco (Model HyRDRy^) pump w hich  c o u ld  
p r o v id e  100 IGPM a t  a  h e a d  o f  10Y p s i a *  A bank  o f  f o u r  o r i f i c e  m e te r s  
was em ployed  t o  m e te r  t h e  w a te r  f lo w s  b e f o r e  e n t e r i n g  t h e  m i x e r „
D e s ig n  o f  t h e  a i r - w a t e r  m ix e r  Ise fo re  t h e  t e s t  s e c t i o n  was su ch  as  
t o  p rom ote  a n n u la r  f lo w  i n  t h e  t e s t  s e c t i o n .  S p e c i f i c  d e t a i l s  o f  t h e  
m ix e r  em ployed  can  be o b t a i n e d  f rom  F i g .  .5 . I 0 E s s e n t i a l l y  i t  was 
d e s ig n e d  a s  two c o n c e n t r i c  t u b e s ,  t h e  c e n t r e  tu b e  f o r  w a t e r  and  th e  
o u t e r  a n n u lu s  f o r  a i r .  A p i s t o n  i n  th e  w a te r  n o z z le  was d r i v e n  by 
a  ro d  c o n n e c te d  to  a  d ia p h ra g m  v a l v e .  T h i s  a l lo w e d  t h e  p i s t o n  to  be 
p o s i t i o n e d  i n  o r d e r  t o  v a r y  t h e  p r e s s u r e  d ro p  a c r o s s  t h e  m ix e r  w hich  
would p r o v id e  th e  d e s i r e d  f lo w  p a t t e r n .  The d e s i r e d  a i r - w a t e r  f lo w  
th e n  e n t e r e d  th e  t e s t  s e c t i o n .
A f t e r  th e  t e s t  s e c t i o n  a  c y c lo n e  s e p a r a t o r  w i th  a  c a p a c i t y  o f  
6,000  Ib m /h r  o f  a i r  and $0 ,0 0 0  I b m /h r  o f  w a te r  was u s e d  t o  s e p a r a t e  
t h e  w a te r  from  t h e  a i r .  The a i r  l e a v i n g  t h e  s e p a r a t o r  p a s s e d  th ro u g h  a 
p r e s s u r e  c o n t r o l  v a lv e  and  t h e n  was v e n te d  t o  t h e  a tm o s p h e re .  The 
w a te r  p a s s e d  th ro u g h  a  2 - i n  b a l l  f l o a t  t r a p  o v e r  t o  a  doimcomer and 
t h e n  t o  a  200 I . G .  f e e d  s t o r a g e  t a n k .
2 .  T e s t  S e c t i o n  Assembly
Two t r a n s i t i o n a l  s e c t i o n s ,  a  6 f t  l e n g t h  o f  s t r a i g h t  I n c i t e  p i p e  
and a c r o s s f l o w  m e a s u r in g  s t a t i o n  c o m p r ise d  th e  t e s t  s e c t i o n  a s s e m b ly .
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(a) Transitional Sections
Two t r a n s i t i o n a l  s e c t i o n s  w ere  c o n s t r u c t e d .  The f i r s t  t o  r e d u c e  
t h e  f lo w  c r o s s - s e c t i o n a l  a r e a  from  th e  $ l / k - i n  I . D .  a t  t h e  m ix e r  t o  
t h e  1 , 0 - i n  I . D ,  o f  th e  t e s t  s e c t i o n .  See F i g .  $ .2  f o r  d e t a i l s  o f  t h i s  
t r a n s i t i o n a l  s e c t i o n .  The se co n d  t r a n s i t i o n a l  p i e c e  s e r v e d  t o  i n c r e a s e  
t h e  i n t e r n a l  d i a m e te r  o f  t h e  f lo w  a r e a  f rom  1 . 0 - i n  b a c k  t o  t h e  5 l / 4 - i n  
w h ich  e x i s t e d  b e f o r e  t h e  s e p a r a t o r .
( b )  T e s t  S e c t i o n
The tu b e  u s e d  t o  c o n s t r u c t  t h e  m ain  t e s t  s e c t i o n  was made by b o r i n g  
a  1 . 0 - i n  d i a m e te r  h o l e  i n  a s o l i d  I n c i t e  r o d  1 2 - i n  lo n g  l e a v i n g  a  l / 4 - i n  
t h i c k  w a l l .  Four o f  t h e s e  t u b e s  w ere  cem en ted  t o g e t h e r  i n  s e r i e s  u s in g  
l a p - j o i n t  c o n n e c t io n s  a s  shovm i n  F i g .  $ . 2 .
P r e s s u r e  t a p s  w ere p l a c e d  a t  i n t e r v a l s  o f  a p p r o x im a te ly  5 tu b e  
d ia m e te r s  a lo n g  th e  l e n g t h  o f  th e  t e s t  s e c t i o n .  These  p r e s s u r e  t a p s  
c o n s i s t e d  o f  8 e q u a l l y  s p a c e d  l / l 6 - i n  d i a m e te r  h o l e s  d r i l l e d  i n  t h e  
t u b e .  An a n n u la r  r i n g ,  w hich  s u r r o u n d e d  t h e  p r e s s u r e  t a p s  was cem en ted  
t o  t h e  t e s t  s e c t i o n .  I n  o r d e r  to  p r e v e n t  a n y .w a t e r  w hich  e n t e r e d  th e  
a n n u la r  r i n g  from  i n t e r f e r i n g  w i t h  p r e s s u r e  m e a s u re m e n ts ,  t h e  e i g h t  
h o l e s  w ere l o c a t e d  n e a r  t h e  b o t to m  o f  th e  r i n g .  I n  a d d i t i o n  w a t e r  
t r a p s  w ere  l o c a t e d  be low  t h e  a n n u la r  r i n g s  t o  remove any w a t e r  t h a t  
d i d  e n t e r  t h e  p r e s s u r e  t r a n s m i s s i o n  l i n e .
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( ç )  C r o s s f lo w  M e asu r in g  S t a t i o n
T h is  c r o s s f l o w  m e a s u r in g  s t a t i o n  ( f o r  d e t a i l s  s e e  F i g .  5 « 5 . )  
s e r v e d  2 m ain  f u n c t i o n s :
( i )  i t  p r o v id e d  f o r  s e p a r a t i o n  and rem ova l  o f  a i r  and w a te r  
w hich  l e f t  th e  m ain  c h a n n e l  and t h e  s u b s e q u e n t  m e a s u r e ­
m ent o f  t h e i r  r e s p e c t i v e  f lo w  r a t e s ;
( i i )  i t  p r o v id e d  a means o f  c o n t r o l l i n g  th e  p r e s s u r e  e x t e r n a l  
to  t h e  f lo w  t e s t  t u b e .
I n  o r d e r  t o  a l l o w  v i s u a l  o b s e r v a t i o n  o f  t h e  c r o s s f l o w  s t r e a m ,  th e  
m e a s u r in g  s t a t i o n  was c o n s t r u c t e d  m a in ly  o u t  o f  p l e x i g l a s s .  A b a f f l e  
sy s te m  im m e d ia te ly  o p p o s i t e  th e  s l o t  i n  t h e  t e s t  s e c t i o n  p r o v id e d  
p a r t i a l  s e p a r a t i o n  o f  th e  a i r - w a t e r  c r o s s f l o w  s t r e a m .  The w a te r  c r o s s -  
f lo w  s t r e a m  was c o l l e c t e d  a t  t h e  b o t to m  o f  th e  m e a s u r in g  s t a t i o n  where 
a  c o n s t a n t  l i q u i d  l e v e l  was m a i n t a i n e d  by m anual v a lv e  f lo w  c o n t r o l .
The d i s c h a r g i n g  w a te r  s t r e a m  f lo w  r a t e s  w ere  c a l c u l a t e d  u s i n g  t h e  
d i r e c t  w e ig h in g  t e c h n i q u e .
A ir  was v e n te d  from  th e  t o p  o f  th e  m e a s u r in g  s t a t i o n  t o  t h e  g r a v ­
i t y  s e p a r a t o r  f o r  a  f i n a l  s e p a r a t i o n  o f  a i r  and  w a t e r .  From th e  
s e p a r a t o r ,  th e  a i r  c r o s s f l o w  s t r e a m  was f e d  t o  an aluminum h e a d e r ,  
th e n  t o  n e e d le  c o n t r o l  v a lv e s  and  f i n a l l y  t o  t h r e e  r o t a m e t e r s ,  c o n ­
n e c te d  i n  p a r a l l e l .  Manual c o n t r o l  o f  th e  n e e d le  v a l v e s  a l lo w e d  th e  
c r o s s f l o w  a i r  t o  be m e te re d  a t  th e  p r o p e r  r a t e  w h i le  m a i n t a i n i n g  th e  
d e s i r e d  c o n s t a n t  p r e s s u r e  i n  t h e  c r o s s f l o w  m e a s u r in g  s t a t i o n .
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CROSSFLOW MEASURING STATION
F i g ,  5 ,3  C ro s s f lo w  M easu r ing  S t a t i o n
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B. MEASUREMENT OF LOOP VARIABLES
1 .  P r e s s u r e s
The s t a t i c  p r e s s u r e  a t  t h e  t e s t  s e c t i o n  e n t r a n c e  was m a in ta in e d  
c o n s t a n t  f o r  a l l  r u n s  by means o f  an a i r  v e n t  c o n t r o l  v a lv e  on th e  
s e p a r a t o r .  The a x i a l  p r e s s u r e  g r a d i e n t  was m easu red  by e m p loy ing  a 
m anom eter b a n k  f i l l e d  w i th  m anom eter  f l u i d  (S .G .  2 .9 5 )  u n d e r  a i r .  Care 
was t a k e n  t o  e n s u r e  t h a t  no w a te r  e n t e r e d  t h e  p r e s s u r e  t a p  l i n e s  l e a d ­
in g  t o  th e  manometer p a n e l .
Two s t e p s  were t a k e n  i n  o r d e r  to  m in im ize  l a r g e  p r e s s u r e  f l u c t u ­
a t i o n s  and t o  r e d u c e  e r r o r s  i n  r e a d i n g  th e  m an o m ete rs .  A l / 2 - i n  lo n g  
l u c i t e  r o d  w i t h  a  b o r e  o f  a p p r o x im a te ly  3O m i l s  was i n s e r t e d  i n  th e  
r e f e r e n c e  p r e s s u r e  l i n e  from  t h e  f i r s t  t a p .  . A ls o ,  f o r  e a c h  r u n  th e  
manometer r e a d i n g s  were t a k e n  by  e m p loy ing  a  P o l a r o i d  c a m e ra .  The 
l i q u i d  l e v e l s  i n  th e  m anom eters  w ere o b s e rv e d  f o r  a  t im e  and  th e n  a  
p i c t u r e  was ta k e n  a t  an  a p p ro x im a te d  a v e ra g e  v a lu e  o f  t h e  p r e s s u r e  
d i f f e r e n t i a l s  i n d i c a t e d  by th e  m an o m e te rs .  T hus ,  an i n s t a n t a n e o u s  
r e a d i n g  was o b t a i n e d  o f  a l l  e i g h t  l i q u i d  l e v e l s  on th e  manometer 
b a n k .  The p r e s s u r e  a t  t h e  f i r s t  r i n g  was u s e d  a s  a  r e f e r e n c e  f o r  a l l  
e i g h t  U - t u b e s .  T h e r e f o r e ,  e a c h  m anom eter i n d i c a t e d  th e  p r e s s u r e  
d i f f e r e n c e  ( i n  i n c h e s  o f  2 .9 5  S .G . f l u i d )  be tw een  th e  f i r s t  p i e z o m e t r i c  
r i n g  and th e  r i n g s  l o c a t e d  dow nstream  on th e  t e s t  s e c t i o n .
The p r e s s u r e  d rop  a c r o s s  t h e  s l o t  i n  th e  t e s t  s e c t i o n  t o  th e  
m e a s u r in g  s t a t i o n  was d e te r m in e d  by u s in g  a  u - tu b e  m anom eter .  Two
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p r e s s u r e  r i n g s  on t h e  o u t e r  w a l l  o f  th e  m e a s u r in g  s t a t i o n  w ere co n ­
n e c t e d  to  th e  low p r e s s u r e  s i d e  o f  th e  m an o m ete r .  A p r e s s u r e  t a p  on 
th e  m ain  f lo w  c h a n n e l  w a l l  3 . 5 - i n  u p s t r e a m  from  th e  s l o t 'w a s  c o n ­
n e c t e d  to  th e  h ig h  p r e s s u r e  s i d e  o f  th e  m anom ete r .
2 .  A i r  and W ater  Flows
( a )  Main C hanne l
The a i r  em ployed  i n  t h i s  s tu d y  was o b t a i n e d  from  t h e  p l a n t  power 
house  and an a u to m a t i c  c o n t r o l  lo o p  m a in ta in e d  a  c o n s t a n t  t e s t  s e c t i o n  
f lo w .  F o u r  o r i f i c e s  were u s e d  a s  t h e  p r im a ry  f lo w  m easu rem en t  d e v ic e s  
i n  c o n j u n c t i o n  w i t h  one d i f f e r e n t i a l  p r e s s u r e  t r a n s m i t t e r .
The o r i f i c e s  and a s s e m b l i e s  conform ed  t o  ASME s p e c i f i c a t i o n s  [ I 5] 
and w ere c a l i b r a t e d  f o r  t h e  f o u r  f o l l o w i n g  r a n g e s  a s  d e t a i l e d  i n  T ab le
3 . 1 .
T a b le  3 . I  A ir  O r i f i c e  S p e c i f i c a t i o n s
F i g .  1 D e s i g n a t i o n  O r i f i c e  D ia m e te r  ( i n )  Range ( Ib m /h r )
FE -  2 /1  
FE -  2 /2  
FE -  2 /5  
FE -  2 /4
1.941
1 .087




160-  600 
4 o -  180
W ater f lo w s  t o  th e  t e s t  s e c t i o n  were a u t o m a t i c a l l y  c o n t r o l l e d  o v e r  
th e  r a n g e  50 t o  50 ,0 0 0  Ib m /h r  a t  p r e s s u r e s  up t o  100 p s i g .  F o u r  o r i f i c e s  
m e e t in g  ASME s p e c i f i c a t i o n s  were a l s o  u s e d  i n  c o n j u n c t i o n  w i t h  one
2 1 7 5 0 3
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d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  t o  m e te r  t h e  w a te r  f lo w s  t o  th e  t e s t  
s e c t i o n  (S ee  T a b le  3 . 2 ) .  A l l  o r i f i c e s  were c a l i b r a t e d  o v e r  t h e  temp­
e r a t u r e  r a n g e  b-5°F t o  100°F .
T ab le  3 , 2  W ater O r i f i c e  S p e c i f i c a t i o n s
F i g .  1 D e s i g n a t i o n O r i f i c e  D ia m e te r  ( i n ) Range ( Ib m /h r)
FE -  1 /1 1.665 12 , 000 - 50,000
FE -  1 /2 0 .9 2 5 5 4 , 000 - 15,000
FE -  1 /3 0.5.400 1 ,4 0 0 -  5 ,000
FE -  1 /4 0 .2960 500-  1,500
(b )  C r o s s f lo w
T h re e  c a l i b r a t e d  r o t a m e t e r s  w ere i n s t a l l e d  i n  p a r a l l e l  t o  m e te r  th e  
a i r  c r o s s f l o w  r a t e .  The r e s p e c t i v e  r a n g e s  o f  th e  r o t a m e t e r s  were 
0 - 9 8 .5  SCFH, 0-627  SCFH, and  0 -9 1  SCFM. W ater c r o s s f l o w  r a t e s  were 
d e te r m in e d  by  th e  d i r e c t  w e ig h in g  t e c h n i q u e .
5 . . T e m p era tu re
B o th  th e  a i r  and w a te r  i n l e t  s t r e a m  t e m p e r a t u r e s  were d e te rm in e d  
u s i n g  th e rm o c o u p le s  l o c a t e d  dow nstream  o f  t h e  o r i f i c e  bank  (See  F i g .  
3 . 1 . ) .  Both t e m p e r a tu r e s  were r e c o r d e d .  The t e m p e r a tu r e  o f  each  c r o s s -  
f lo w  s t r e a m  was o b t a i n e d  u s in g  a  m e rc u ry  i n  g l a s s  th e rm o m e te r .
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4 .  Void F r a c t i o n
I n i t i a l l y  i t  was p la n n e d  t o  o b t a i n  th e  a v e ra g e  v o id  f r a c t i o n  i n  
t h e  t e s t  s e c t i o n  em p loy ing  q u i c k  c l o s i n g  v a l v e s .  For t h i s  r e a s o n  
two b a l l  v a lv e s  were m ounted 20 - i n  a p a r t  i n  th e  t e s t  s e c t i o n  down­
s t r e a m  o f  th e  c r o s s f lo w  m e a s u r in g  s t a t i o n .  C are  was ta k e n  t o  e n s u r e  
t h a t  th e  f lo w  a r e a  rem a in e d  c o n s t a n t  and th e  two b a l l  v a l v e s  were 
m e c h a n ic a l ly  l i n k e d  t o  a l lo w  s im u l ta n e o u s  o p e n in g  and c l o s i n g  o f  the  
v a l v e s .
Due to  th e  d e s ig n  o f  th e  v o i d  f r a c t i o n  m e a s u r in g  s e c t i o n  th e  max­
imum v o id  f r a c t i o n  which c o u ld  be d e te rm in e d  was a p p ro x im a te ly  85^  and 
u n f o r t u n a t e l y  f o r  e v e ry  r u n ,  t h e  v o id  f r a c t i o n  was g r e a t e r  t h a n  t h i s  
f i g u r e .
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IV EXPERIMENTAL PROCEDURE
A. AIR-WATER LOOP
At t h e  b e g in n in g  o f  an  e x p e r i m e n t a l  r u n ,  th e  p r o p e r  o r i f i c e  f o r  
t h e  d e s i r e d  a i r  f lo w  r a t e  was s e l e c t e d  and th e  o r i f i c e  f l a n g e  t a p s  w ere  
v a lv e d  i n t o  t h e  d i f f e r e n t i a l  p r e s s u r e  c e l l .  The s t a t i c  p r e s s u r e  u p ­
s t r e a m  o f  th e  o r i f i c e  was a d j u s t e d  t o  r e a d  50 p s i g .  At t h i s  p r e s s u r e ,  
p r e v i o u s  c a l i b r a t i o n  c u rv e s  o f  t h e  a i r  f lo w  r a t e  v s .  p r e s s u r e  d rop  
a c r o s s  th e  o r i f i c e  f l a n g e s  h a d  b e e n  p r e p a r e d .  By s e t t i n g  t h e  c o n t r o l l e r  
a t  t h e  r e q u i r e d  p r e s s u r e  d rop  a c r o s s  t h e  o r i f i c e  m e t e r ,  t h e  d e s i r e d  
a i r  f lo w  r a t e  was o b t a i n e d .  M anual c o n t r o l  o f  th e  b a c k  p r e s s u r e  a t  
t h e  a i r - w a t e r  s e p a r a t o r  a l lo w e d  th e  p r e s s u r e  a t  t h e  e n t r a n c e  t o  th e  
t e s t  s e c t i o n  t o  be m a i n ta i n e d  a t  55 p s i g .
A f t e r  t h e  lo o p  was p r e s s u r i z e d  w i t h  a i r ,  t h e  d e s i r e d  w a t e r  o r i f i c e  
was s e l e c t e d  and v a lv e d  i n t o  t h e  c o n t r o l  s y s te m .  The loop  pump was 
s t a r t e d  and th e  w a te r  c o n t r o l  v a l v e  was a d j u s t e d  by m anual o p e r a t i o n  
o f  th e  c o n t r o l l e r  u n t i l  th e  d e s i r e d  w a te r  f lo w  r a t e  was e s t a b l i s h e d .
At t h e  same t im e  t h e  b a c k  p r e s s u r e  a t  t h e  s e p a r a t o r  was a d j u s t e d  t o  
m a i n t a i n  th e  t e s t  s e c t i o n  e n t r a n c e  p r e s s u r e  a t  55 p s i g .
S t e a d y - s t a t e  c o n d i t i o n s  w ere  assum ed t o  be e s t a b l i s h e d  when th e  
a i r  and w a te r  f e e d  s t r e a m  t e m p e r a t u r e s  became c o n s t a n t  a t  80°F„ The 
m anometer l i n e s  to  th e  p i e z o m e t r i c  r i n g s  w ere c h eck ed  v i s u a l l y  t o  e n ­
s u r e  t h a t  any w a te r  e n t e r i n g  t h e  l i n e s  was rem oved by o p e n in g  a  v a lv e  
i n  th e  b o t to m  o f  t h e  a p p r o p r i a t e  t r a p .
28
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B. CROSSFLOW MEASUREMENTS
With no crossflow through the slot, the axial pressure drop was 
noted first on the manometer panel. This was the "zero" reading for 
each individual run. Next, by adjusting the needle valve on the air 
take-off line, the radial pressure difference between the flow channel 
and the measuring station, i.e. across the slot, was set. The air 
rotameter gave the crossflow rate for each radial pressure drop.
Similarly, the water flow was measured by controlling a valve on 
the water line to maintain a constant level of water in the crossflow 
measuring station. The water flow from the station was weighed directly 
or caught in a graduated cylinder over a known time interval to give 
the quantity of water discharging through the slot.
For each increase in radial pressure drop across the slot, the 
axial pressure drop was read from the manometer panel. This procedure 
gave the axial pressure variation in the main flow channel due to the 
crossflow through the slot.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
V THEORY OF TWO-PHASE FLOW IN A MANIFOLD
C o n s id e r  a  v e r t i c a l  p ip e  o f  c o n s t a n t  c r o s s - s e c t i o n a l  a r e a  w i t h  a
c o n t in u o u s  s l i t  o f  w id th  6- i n  which tw o -p h a se s  ( g a s - l i q u i d )  a r e  f lo w in g
iC(z+Az)
u n d e r  a d i a b a t i c  c o n d i t i o n s  (See  F i g .  5 * 1 ) «
T h is  i s  te rm ed  a  c o n t in u o u s  b low ing  m an i­
f o l d  w h ich  d i v i d e s  a l a r g e  s t r e a m  e n t e r i n g  
t h e  p ip e  by a l lo w in g  c r o s s f lo w  th ro u g h  a 
l o n g i t u d i n a l  s l o t  or p o ro u s  s t r i p  r u n n in g  










\ ^ ( z )  Wg(z]
W J z )
>--  D — I
Az
F i g .  5 .1  C o n t in u o u s  Blowing 
M a n ifo ld
I n  th e  o n e -d im e n s io n a l  m a c ro s c o p ic  b a la n c e  e q u a t i o n s  be low  i t  i s  




mean v a lu e s  o f  th e  d e n s i t y  and v e l o c i t y  e x i s t  a t  any 
p la n e  norm al t o  flow*
th e  a r e a  o c c u p ie d  by th e  g as  p l u s  t h a t  o c c u p ie d  by th e  
l i q u i d  e q u a l s  th e  f lo w  c r o s s - s e c t i o n a l  a r e a ,  
u n i fo rm  p r e s s u r e  e x i s t  a t  any p la n e  no rm al t o  th e  
c o n d u i t  a x i s .
1 .  Momentum B alance
A m a c ro s c o p ic  momentum b a la n c e  o v e r  an  e le m e n t  o f  l e n g t h  Az can  be 
w r i t t e n  a s ;
50
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d
d t t o t N ^  'S)
Q- V ^  ^
N+1 N+1 \ + l
V  %  \  " % + l  &+1; Bc -  [ F ] 8c + ™ tot S (5 . 1)
where <C = v o id  f r a c t i o n
P = t o t a l  momentum o f  t h e  sy s te m  . t o t
= [W^ + Wg]Az = A[(l -<^) Vj + Vg] Az
Q < v > A _ e  <  V ?  2 ^
N N T? N+1 N+1 N+1/
n e t  r a t e  o f  momentum 
f l u x  due t o  b u l k  f l u i d  








y^PN ^  "  ^N \  y f o r c e  d i f f e r e n t i a l  a c r o s s  th e
c o n t r o l  e le m e n t
-  A Ap
“ [F ]  g_ = n e t  f o r c e  o f  th e  s o l i d  s u r f a c e s
= -- \  Pc ^  8(
" t o t  V
f o r c e  o f  g r a v i t y  on th e  t o t a l  m ass o f  t h e  f l u i d  i n  t h e  
c o n t r o l  volume
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S u b s t i t u t i n g  t h e  above te rm s  i n  Eq. 5 . 1 ,  t h e  m a c ro s c o p ic  momentum 




g ^ ( i  - 6)
« g - "
- A g_ Ap
-  p^ A z g^ -  Ag [ 0 ^ ( 1  -  ^ )  + ^ g ' ^ ]  Az ( 5 .2 )
At s t e a d y - s t a t e  c o n d i t i o n s ,  th e  t o t a l  d ro p  i n  s t a t i c  p r e s s u r e  p e r  
e le m e n t  o f  l e n g t h  Az becom es:
Az
<Y Pc




g / g c  [ G ^ ( l  - f i )  + C g / l ] ( 5 . 5)
The t o t a l  p r e s s u r e  d ro p  f o r  tw o -p h ase  f lo w  i s  n o r m a l ly  s e p a r a t e d  
i n t o  t h e  sum o f  t h r e e  com ponen ts ;
A z /t o t a l f r i c t i o n momentum (* ),g r a v i t y
The e x p r e s s i o n  f o r  e a ch  component can  be o b t a i n e d  r e a d i l y  from  Eq. 5«5*
I n  Eq. 5o3; th e  momentum c o n t r i b u t i o n  t o  th e  t o t a l  p r e s s u r e  drop  
h a s  b e e n  w r i t t e n  a ssum ing  t h a t  th e  c r o s s f l o w s  have  l o s t  a l l  o f  t h e i r  
a x i a l  com ponent o f  v e l o c i t y  b e f o r e  c r o s s i n g  th e  s l o t .  However, to
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a c c o u n t  f o r  th e  p o s s i b i l i t y  t h a t  th e  v e l o c i t y  o f  th e  c r o s s f lo w  s t r e a m  
may n o t  be p e r p e n d i c u l a r  t o  th e  m a in s tr e a m  f lo w  when l e a v i n g  th e  
e l e m e n t a l  c o n t r o l  vo lum e, th e  momentum b a la n c e  m ust be m o d i f i e d .  
A c r iv o s  £ t .  £ 1 . ( 13) have  s u g g e s t e d  th e  u s e  o f  a momentum c o r r e c t i o n  
f a c t o r ,  k ,  to  m od ify  th e  momentum c o n t r i b u t i o n  o f  th e  t o t a l  p r e s s u r e  
d ro p  a s j
A4P 1 = -  k
/momentum




(1 -,C ) g
T h i s  momentum c o r r e c t i o n  f a c t o r  i s  e x p e c t e d  t o  be l e s s  t h a n  u n i t y  w i th  
i t s  v a lu e  o b t a i n e d  e x p e r i m e n t a l l y .  . Here v a lu e s  o f  k  have been  
e v a l u a t e d  f o r  s i n g l e  p h ase  a i r  f lo w  and tw o-phase  a i r - w a t e r  f lo w .




k  A [ (1  -
/  (1 - K )
X
r^’.dC. -
( 5 . 4 )
2 .  Mass B alance
The change i n  mass f lo w  r a t e  o f  l i q u i d  i n  th e  p ip e  o v e r  t h e  e l ­
e m e n ta l  l e n g t h  Az i s  e q u a l  t o  th e  l i q u i d  c r o s s f lo w  r a t e .
-A A. [ V  -
X
( 5 . 5 )
H ere  W.^ i s  mass c r o s s f lo w  r a t e .
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S i m i l a r l y ,  th e  mass c r o s s f l o w  r a t e  f o r  t h e  gas  o v e r  th e  e l e m e n t a l  
l e n g t h  Az becom es;
< 5 .6 )
The p ro b le m  o f  r e l a t i n g  th e  c r o s s f l o w  r a t e s  to  t h e  t r a n s v e r s e  p r e s s u r e  
g r a d i e n t ,  h o w ev er ,  s t i l l  r e m a in s .  T he re  a r e  a t  l e a s t  t h r e e  p o s s i b l e  
ways o f  t r e a t i n g  th e  r e s i s t a n c e  t o  t r a n s v e r s e  f lo w  o f  gas  and l i q u i d .
F i r s t ,  an  o r i f i c e  e q u a t i o n  c a n  be em ployed  w hich  g iv e s  [ l 6] s
b Az (1 -cA) J  2 Sc G^(p^ -  P ° ) t
= Cjt b Az (1 -«C) J 2 Sc ( ^ r )  (5.7)
and b ù z ^  t l  2  Sc (Pm " P*),
C b Az(C J  2  gc  e / A P r )  ( 5 .8 )
g t
where i s  l i q u i d  d i s c h a r g e  c o e f f i c i e n t  f o r  tw o -p h a se  f lo w  c o n d i t i o n s :  
Cgj. i s  t h e  g as  d i s c h a r g e  c o e f f i c i e n t  f o r  tw o -p h ase  f lo w  c o n d i t i o n s ;
Pm = (PN+1 + P n ) / 2 ;  and
p °  i s  t h e  c o n s t a n t  p r e s s u r e  o u t s i d e  o f  t h e  p i p e .  The s u b s c r i p t , t ,  d e ­
n o t e s  tw o -p h ase  f lo w  c o n d i t i o n s .
F o r  a f lo w in g  l i q u i d - g a s  m ix tu r e  e n c o u n t e r i n g  a  f lo w  geom etry  
change t h e  s t a t i c  p r e s s u r e  d rop  c a n  be d e f i n e d  i n  te rm s  o f  t h e  number 
o f  v e l o c i t y  h e a d s  as  th o u g h  l i q u i d  a lo n e  w ere f lo w in g  i n  th e  c h a n n e l  
b e f o r e  e x p a n s io n  [ 17 , 18] .
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(Pm - Po) = K ( è  \
F or a tw o -p h ase  p r e s s u r e  l o s s ,  t h e  c o r r e s p o n d in g  e x p r e s s i o n  i s
( 5 . 9 )
K _x^
-  p ° ) t  -  G x^  + ( l  -  Qg oc ( 1 -  )
(5 . 10)
A t h i r d  m ethod [ I 9 ] r e l a t e s  t h e  f r i c t i o n a l  r e s i s t a n c e  t o  l a t e r a l  
c r o s s f l o w  by c o n s i d e r i n g  th e  r a d i a l  com ponent o f  t h e  c h a n n e l  f lo w  p a s s ­
i n g  th r o u g h  t h e  s l o t .  F o r  tw o -p h ase  f lo w  th e  L o c k h a r t - M a r t i n e l l i  homo­
geneous t h e o r y  m u l t i p l i e r  [ 2 0 ]  i s  e m p lo y e d .  The e q u a t i o n  r e l a t i n g  th e  
p r e s s u r e  d ro p  a c r o s s  th e  s l o t  and c r o s s f l o w  f o r  s i n g l e - p h a s e  l i q u i d  
f lo w  w ould  t h e n  b e ;
( p .  -  P ° )  =  4 ^ - ^  < 5 - 1 1 )
I  ®eq
w here t  i s  t h e  t h i c k n e s s  o f  th e  p i p e  w a l l  and i s  th e  e q u i v a l e n t
h y d r a u l i c  d i a m e te r  o f  t h e  s l o t .  F o r  tw o -p h a se  f lo w ,  E q . ^^11 i s  mod­
i f i e d  to  o b t a i n :
(Ph -  p ° ) t  = t  ( 5 . 12)
I Sc ^eq
where M i s  th e L o c lh a r t -M a r t iæ l l i  m u l t i p l i e r .  I n  t h i s  m ethod i t  h a s  been  
assum ed t h a t  t h e r e  i s  co m p le te  r e c o v e r y  o f  t h e  a c c e l e r a t i o n  p r e s s u r e  
l o s s e s .
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B. THEORETICAL MODELS EI'IPLOYED
A l l  c r o s s f lo w  m easurem en ts  r e p o r t e d  h e re  w ere made u n d e r  s e p a r a t e  
f lo w  c o n d i t i o n s  ( i . e .  two p h a s e s  f lo w in g  s id e  by s i d e ,  t h e  l i q u i d  on 
th e  w a l l  and g as  i n  th e  c o re  w i th  v a r y i n g  am ounts o f  e n t r a i n e d  l i q u i d ) .
A nnu la r S p ray  A nnu la r M is t
F i g .  5 .2  O bserved  Flow  P a t t e r n  i n  A d i a b a t i c  A ir -W a te r  V e r t i c a l  Upflow
However, f o r  t h e s e  a n n u la r  f lo w  re g im e s  no m easu rem en ts  were made o f  
f i l m  t h i c k n e s s ,  e n t r a in m e n t  r a t e s  o r  volume v o i d  f r a c t i o n .  An e s t i m a t e  
o f  th e  minimum e n t r a in m e n t  o c c u r r i n g  h e r e  was made by c o m p a r iso n  w i th  
t h e  work o f  G i l l  _et. _al. ( 2 l )  f o r  v e r t i c a l  u p f lo w  o f  a i r - w a t e r  i n  a
1 l / k - i n  bo re  tu b e  a t  a tm o s p h e r ic  p r e s s u r e .  At a  t o t a l  m ass f l u x  o f
2 X 105 ( l b m ) / ( h r ) ( f t )2  a t  20^  q u a l i t y  th e  minimum e n t r a in m e n t  r a t e  
would be e x p e c te d  s in c e  t h i s  c o r r e s p o n d s  t o  t h e  lo w e s t  gas  and l i q u i d  
v e l o c i t i e s .  Under t h e s e  f lo w  c o n d i t i o n s  G i l l  e_t. a l .  m easu red  th e  
e n t r a i n e d  l i q u i d  to  be a p p ro x im a te ly  28^ o f  th e  t o t a l  l i q u i d  f lo w  w i th  
an  a n n u la r  s l o t  ty p e  w a te r  i n j e c t o r .  T h is  p r e d i c t i o n  o f  e n t r a in m e n t  i s  
e x p e c te d  to  be s l i g h t l y  h ig h  due t o  th e  d i f f e r e n c e s  i n  o p e r a t i n g  p r e s s u r e s  
and f lo w  a r e a s .  For t h e s e  same c o n d i t i o n s  25^  e n t r a in m e n t  i s  p r e d i c t e d  
em p loy ing  F i g .  1 1 .3 5  i n  W a l l i s '  and C o l l i e r ' s  l e c t u r e  n o t e s  ( 2 2 ) .  For
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h i g h e r  mass f l u x e s  and q u a l i t i e s  t h e r e  would  be  c o n s i d e r a b l y  more e n ­
t r a i n e d  l i q u i d .  Under t h e s e  c o n d i t i o n s  a p p ro a c h in g  m i s t  f lo w  th e  
homogeneous m odel i s  recommended f o r  p r e d i c t i n g  p r e s s u r e  d rop  ( 2 5 ) .  
A ls o  M a r t i n e l l i ' s  c o r r e l a t i o n  f o r  p r e d i c t i n g  v o i d  f r a c t i o n  h a s  been  
s u c c e s s f u l  ( 2 4 ) .
1 ,  Homogeneous Model
The homogeneous model was em ployed  h e r e  t o  c a l c u l a t e  t h e  momentum 
c o r r e c t i o n  f a c t o r ,  k ,  f o r  tw o -p h ase  f lo w  c o n d i t i o n s .  I n  t h i s  s im p le  
m o d e l ,  i t  i s  assum ed t h a t :
i )  t h e  g a s  and l i q u i d  v e l o c i t i e s  a r e  e q u a l  (no s l i p ) *
i i )  therm odynam ic  e q u i l i b r i u m  e x i s t s ;
i i i )  a  s i n g l e - p h a s e  f r i c t i o n  f a c t o r  ( s u i t a b l y  d e f i n e d )  can  be
u s e d  f o r  tw o -p h a se  f lo w .
S in c e
"I "I ^ I "I
V =  Eg___  = G xA and  ( 5 .1 4 )
^  A S Ç A
g g g g
A^/A = 1 -  cC ,  Ag/A ( 5 . 15)
t h e n  from  E q s .  5 .1 5 ;  5 .1 4  and 5 . I 5 s e t t i n g  V = V
* g
(1  - sC )  = and  ( 5 . 16)
:  g
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( 5 . 17)
g
H ere ^  = l / v  where v = x v  + ( l - x ) v  . S u b s t i t u t i n g
8 ’
E q s .  5 .1 6  and 5 ,1 7  i n t o  th e  p r e v i o u s  e x p r e s s i o n  f o r  momentum p r e s s u r e  
l o s s  (E q , 5 . ^ )
/momentum ^
V a lu e s  o f  k  were d e te r m in e d  from
g2 (5 . 18)
( ^ a ) m e a s u r e d
2 .  L o c k h a r t - M a r t i n e l l i  C o r r e l a t i o n
The L o c k h a r t - M a r t i n e l l i  c o r r e l a t i o n  was d e v e lo p e d  i n i t i a l l y  from  a 
s e r i e s  o f  s t u d i e s  o f  i s o t h e r m a l  tw o -p h ase  tw o-com ponent f lo w  i n  h o r i z o n t a l  
p i p e s .  A g e n e r a l i z e d  m ethod was p ro p o s e d  f o r  c a l c u l a t i n g  th e  f r i c t i o n a l  
p r e s s u r e  d rop  f o r  i s o t h e r m a l  tw o-com ponent f lo w  w hich  was l a t e r  e x te n d e d  
t o  i n c l u d e  a c c e l e r a t i o n  and g r a v i t a t i o n a l  e f f e c t s  f o r  th e  p r e d i c t i o n  o f  
p r e s s u r e  d ro p s  d u r in g  d i a b a t i c  f lo w .  The b a s i c  a s s u m p t io n s  i n  t h i s  
c o r r e l a t i o n  a r e  th e  f o l l o w i n g .  Four f lo w  c a t e g o r i e s  e x i s t  d e p e n d in g  
on w h e th e r  l a m in a r  o r  t u r b u l e n t  f lo w  c o n d i t i o n s  a r e  p r e d i c t e d  when the  
s i n g l e  p h a se  ( g a s  o r  l i q u i d )  i s  f lo w in g  a lo n e  i n  t h e  p i p e .  S e c o n d ly ,  
t h e r e  a r e  e q u a l  p r e s s u r e  d ro p s  f o r  th e  l i q u i d  and g as  p h a s e s  in d e p e n d e n t  
o f  th e  f lo w  c a t e g o r i e s .  A p a r t i c u l a r  p o r t i o n  o f  t h e  t o t a l  c r o s s - s e c t i o n a l  
f lo w  a r e a  i s  a s s i g n e d  t o  e a c h  p h a s e  and t h e  c o n v e n t i o n a l  f r i c t i o n  
p r e s s u r e  d rop  e q u a t i o n s  a r e  assumed t o  be v a l i d  f o r  e ach  p h a s e .  The
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r a t i o  o f  th e  a c t u a l  tw o-phase  f r i c t i o n a l  p r e s s u r e  g r a d i e n t  t o  t h a t  
w hich  would  r e s u l t  i f  t h e  l i q u i d  f lo w s  a lo n e  i n  t h e  p ip e  was r e a s o n e d  
t o  be  o n ly  a f u n c t i o n  o f  th e  f r a c t i o n  and shape  o f  f low  a r e a  o c c u p ie d  
by th e  l i q u i d  p h a s e .  P a r a m e te r s
^  and  (pg = / /  (AP)^/APg th u s
j  ( 4 P ) ,
were f u n c t i o n s  o f  M = 'y ■ —^  o n ly .  T h is  u n iq u e  c o r r e l a t i o n  o f
4^ and by M was v e r i f i e d  by t h e i r  e x p e r i m e n t a l  d a t a .  T h e r e f o r e ,  
t o  u se  t h e  l o c k ia r t - M a r t in e l l i  c o r r e l a t i o n  o n ly  th e  s i n g l e - p h a s e  f r i c t i o n ­
a l  p r e s s u r e  d ro p s  have  to  be c a l c u l a t e d .
The l i q u i d  ho ldup  o r  l i q u i d  volume v o id  f r a c t i o n ,  ( l  - ' ^ ) ,  i s  a l s o
a  f u n c t i o n  o f  th e  s i n g l e  p h a se  e q u i v a l e n t  d ia m e te r  and sh a p e s  which
a r e  a l s o  f u n c t i o n s  o f  M o n l y . L o c ld ia r t - M a r t in e l l i  a l s o  c o r r e l a t e d
( l  -  (^) u n i q u e l y  by em ploy ing  M. H e w it t  e_t. a l .  ( 25 ) have  f i t t e d  t h e
l i q u i d  h o ld u p  c o r r e l a t i o n  i n  th e  form  In  ( l  -  oC) = ^  a  ( inM )’^
n=0
w hich  g r e a t l y  f a c i l i t a t e s  i t s  u se  i n  a  com puter  programme.
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VI EXPERIMENTAL RESULTS
A. INTRODUCTION
The effect of five independent variables - mass flux, quality, slot 
length, slot width and pressure drop across the slot - on single-phase 
air and air-water crossflows in a flowing two-phase stream are reported. 
In addition the variation of the static pressure rise in the test 
section over the slot length due to crossflow is given as a- function 
of the same independent variables.
Representative curves only are given here. The slot dimensions 
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B. AIR CROSSFLOW IN SINGLE-PHASE FLOW
The mass flow rate of air, W^^, discharging through the slot in 
the pipe was found to be directly proportional to the square root of 
the pressure drop across the slot, J APj- , for all values of the main­
stream mass flux, G. This has been shown in Fig. 6 .1  for data obtained
ho
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F i g .  6 .1  S i n g le - P h a s e  A i r  C ro s s f lo w
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w i th  th e  1 . 66- i n  lo n g  by 12- m i l  wide s l o t  and 5 »98- i n  by 12- m i l  s l o t .  
The e f f e c t  o f  th e  t o t a l  mass f l u x  on i s  e v i d e n t  a l s o  i n  F i g .  6 . 1 .  
By c r o s s p l o t t i n g  th e  a i r  c r o s s f lo w  r a t e  a g a i n s t  G f o r  f i x e d  v a l u e s  o f  
^  P r  t h e  a i r  c r o s s f l o w  r a t e  was found  t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  
th e  t o t a l  a i r  mass f l u x .  (N o te  t h a t  AP .^ = AP^ + l / 2  A P ^.)
S in c e  t h e  v a r i a t i o n  o f  s i n g l e - p h a s e  a i r  d i s c h a r g e  t h ro u g h  th e  s l o t  
a s  a  f u n c t i o n  o f  s l o t  l e n g t h ,  s l o t  w id th  and t o t a l  m a in s t r e a m  mass f l u x  
was v e r y  s i m i l a r  t o  th e  tw o -p h ase  a i r  c r o s s f lo w  d a t a ,  o n ly  th e  tw o-phase  
d a t a  i s  g iv e n  h e re  i n  g r a p h i c a l  fo rm . A i r  c r o s s f l o w  r a t e s  were found  t o  
be d i r e c t l y  p r o p o r t i o n a l  t o  th e  s l o t  w i d t h  f o r  f i x e d  s l o t  l e n g t h s  and 
mass f l u x .  A lso  th e  a i r  d i s c h a r g e  r a t e s  v a r i e d  w i th  s l o t  l e n g t h  t o  th e  
t w o - t h i r d s  ( 2/ 5 ) power f o r  a  f i x e d  w id th  and mass f l u x .
C. TWO-PHASE FLOW
1 .  W ater  C ro s s f lo w
I n  F i g .  6 .2  a  r e p r e s e n t a t i v e  p l o t  o f  th e  w a te r  c r o s s f l o w  r a t e  
a s  a  f u n c t i o n  o f  P r  i s  g iv e n  f o r  a  f i x e d  v a lu e  o f  t h e  t o t a l  ( a i r  
and w a te r )  mass f l u x  a t  v a r i o u s  q u a l i t i e s .  As was th e  c a s e  f o r  s i n g l e -  - 
p h ase  a i r ,  t h e  w a te r  c r o s s f lo w  was found  t o  be d i r e c t l y  p r o p o r t i o n a l  
t o  V A  P r .  I'Jlien t h e  m a in s t r e a m  q u a l i t y  i s  i n c r e a s e d ,  w h i l e  m a i n t a i n i n g  
f i x e d  v a l u e s  o f  th e  t o t a l  mass f l u x  and r a d i a l  p r e s s u r e  d ro p ,  th e  mass 
f lo w  r a t e  o f  w a te r  d e c r e a s e d  e x p o n e n t i a l l y  ( F i g .  6 . 5 ) .
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I f  th e  p r e s s u r e  drop  a c r o s s  th e  s l o t  and th e  q u a l i t y  o f  th e  m ain  
f lo w  s t r e a m  i s  f i x e d  th e n  th e  v a r i a t i o n  o f  w a te r  d i s c h a r g e  r a t e s  w i th  
mass f l u x  can  be s t u d i e d .  I n  F i g .  6 .h ,  t h e  w a te r  c r o s s f l o w s  a r e  s e e n  
t o  d e c r e a s e  c o n t i n u o u s ly  w i t h  i n c r e a s i n g  mass f l u x  a t  h i g h  q u a l i t i e s .
At low q u a l i t i e s  th e  w a te r  c r o s s f lo w  i n i t i a l l y  i n c r e a s e s ,  r e a c h e s  a 
maximum a t  a  G o f  a p p ro x im a te ly  5 .5  x  10^ ( l b m ) / ( h r )  ( f t ) ^ ,  and th e n  
b e g in s  t o  d e c r e a s e .  At th e  i n t e r m e d i a t e  q u a l i t i e s  th e  w a te r  c r o s s f l o w -  
mass f l u x  c u rv e  e x h i b i t s  ogee  b e h a v io u r  p a s s i n g  from  convex  t o  concave  
shape  w i th  i n c r e a s i n g  mass f l u x .
The w a te r  c r o s s f lo w s  w ere found  t o  be d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  s l o t  w id th  ( P i g .  6 . 5) aud t o  v a r y  w i th  s l o t  l e n g t h  t o  th e  two 
t h i r d s  ( 2 / 5 )  power ( P i g .  6 ,6 )  when th e  a p p r o p r i a t e  i n d e p e n d e n t  v a r i ­
a b l e s  were m a i n t a i n e d  c o n s t a n t .  T h is  b e h a v io u r  was s i m i l a r  t o  t h a t  
e x h i b i t e d  by th e  s i n g l e  p h a se  a i r .
2 . A i r  C r o s s f lo w
A i r  c r o s s f l o w  r a t e s  were found  ( P i g .  6 . 2 ) t o  be d i r e c t l y  p r o p o r t i o n ­
a l  t o  Va P r  u n d e r  tw o -p h ase  f lo w  c o n d i t i o n s .  The v a r i a t i o n  o f  a i r  d i s ­
c h a rg e  r a t e s  w i th  m a in s t r e a m  q u a l i t y  was much l e s s  a s  compared t o  th e  
q u a l i t y  e f f e c t  on w a te r  c r o s s f l o w .  The m a jo r  p o r t i o n  o f  th e  g as  c r o s s -  
f lo w  r a t e  i n c r e a s e  o c c u r r e d  when th e  q u a l i t y  was i n c r e a s e d  from  20^  to  
50^ . At th e  h i g h e r  q u a l i t i e s  th e  m a in s t r e a m  mass f l u x  d i d
n o t  a f f e c t  th e  a i r  c r o s s f lo w  n o t i c e a b l y  ( P i g .  6 . 4 ) .  However, a t  th e  
low q u a l i t i e s ,  t h e  a i r  c r o s s f l o w  r a t e s  began  t o  d e c r e a s e  a s  th e  mass 
f l u x  was i n c r e a s e d .
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At a  f i x e d  p r e s s u r e  d rop  o f  0.25  p . s . i .  a c r o s s  th e  s l o t  i n  th e  
t e s t  s e c t i o n ,  t h e  a i r  c r o s s f l o w  was found  to  be p r o p o r t i o n a l  t o  th e  
s l o t  w id th  ( F i g .  6 . 5) .  F o r  a l l  v a l u e s  o f  q u a l i t y  ( l e s s  th a n  l ) ,  a l l  
v a lu e s  o f  t o t a l  m a in s t r e a m  m ass f l u x  and a l l  s l o t  l e n g t h s ,  i f  th e  a i r  
c r o s s f lo w  v s .  s l o t  w id th  c u rv e  w ere  e x t r a p o l a t e d  to  z e ro  a i r  c r o s s f lo w ,  
th e n  a c r i t i c a l  s l o t  w id th  o f  a p p r o x im a te ly  7  l / 2  m i l s  was o b t a i n e d .  
T h is  b e h a v io u r  was n o t  o b s e rv e d  u n d e r  s i n g l e - p h a s e  a i r  c o n d i t i o n s  no r  
f o r  th e  w a te r  c r o s s f l o w  i n  tw o -p h ase  f lo w .  As th e  p r e s s u r e  d ro p  a c r o s s  
t h e  s l o t  was i n c r e a s e d ,  t h e n  th e  c r i t i c a l  s l o t  w id th  d e c r e a s e d .
D. A x ia l  P r e s s u r e  R ecovery
F ig u r e  6 .7  i l l u s t r a t e s  th e  m ain  f lo w  a x i a l  p r e s s u r e  r e c o v e r y .  The 
c o n t in u o u s  l i n e  i s  t h e  p r e s s u r e  g r a d i e n t  i n  t h e  p ip e  f o r  t h e  g iv e n  f low  
c o n d i t i o n s  when t h e r e  i s  no c r o s s f l o w .  I n  o r d e r  t o  o b t a i n  t h e  s t a t i c  
p r e s s u r e  i n c r e a s e  o v e r  t h e  s l o t  l e n g t h  t h e  p r e s s u r e  r e a d i n g s  downstream  
from th e  s l o t  w i t h  c r o s s f l o w  w ere  e x t r a p o l a t e d  b a c k  to  t h e  s l o t  c e n t r e  
l i n e .  W ith th e  p r e s s u r e  g r a d i e n t  w i t h o u t  c r o s s f l o w  u s e d  as  a  r e f e r e n c e ,  
th e  d i f f e r e n c e  b e tw een  th e  r e f e r e n c e  g r a d i e n t  and t h e  e x t r a p o l a t e d  
g r a d i e n t  a t  t h e  s l o t  c e n t r e  l i n e  gave th e  r e c o r d e d  v a lu e  o f  th e  p r e s s u r e  
r i s e .
In  F i g .  6 . 8  th e  v a lu e  o f  t h e  momentum c o r r e c t i o n  f a c t o r ,  k ,  f o r  
s i n g l e  p h ase  a i r  was o b t a i n e d  a s  O.7O8. T h is  i s  t h e  s lo p e  o f  th e  
s t r a i g h t  l i n e  o f  A Pa v s  -A(GV), t h e  t h e o r e t i c a l  a x i a l  p r e s s u r e  r e ­
c o v e ry .
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When t h i s  same c u rv e  was p l o t t e d  f o r  th e  tw o -p h a se  d a t a ,  th e  
momentum c o r r e c t i o n  f a c t o r  was found  t o  be a f u n c t i o n  o f  t h e  m a in s tre a m  
q u a l i t y .  I n  F i g .  6 . 9 ,  t h e  mean v e l o c i t y  o f  t h e  two p h a s e  m ix tu r e  was 
o b t a i n e d  by u s i n g  a homogeneous s p e c i f i c  volume e v a l u a t e d  v  = x  +
( l  -  %)Vj,o The v a lu e  o f  k  i n c r e a s e d  w i t h  q u a l i t y  and  k  was found  t o  
be g r e a t e r  a t  a  q u a l i t y  o f  70^  th a n  a t  100^  q u a l i t y  ( o r  s i n g l e - p h a s e  
a i r  c o n d i t i o n s ) .  The v a l u e s  o f  k  n o t e d  on th e  c u r v e s  ( F i g .  6.8  and 6 . 9 ) 
w ere  t h o s e  o b t a i n e d  em p lo y in g  t h e  l e a s t  s q u a r e s  m e th o d .
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V II  DISCUSSION OF RESULTS
A. HYDRAULIC RESISTANCE TO CROSSFLOW
1 . S i n g le  P hase  A ir  '
The s u c c e s s f u l  u s e  o f  t h e  o r i f i c e  e q u a t i o n  by p r e v io u s  i n v e s t i g a t o r s  
[ 7 , 9 , 1 0 ]  t o  c o r r e l a t e  m a n i f o ld  d a t a  made i t  a  l o g i c a l  c h o ic e  f o r  c o r ­
r e l a t i n g  o u r  d a t a .  A ls o ,  t h e  l i n e a r  dependency  o f  th e  a i r  c r o s s f l o w  on 
th e  s q u a re  r o o t  o f  th e  p r e s s u r e  g r a d i e n t  AP^., i n d i c a t e d  t h a t  an  o r i f i c e  
ty p e  e q u a t i o n  m ig h t  be s u c c e s s f u l  (S ee  F i g .  6 . 1) ,  F i g .  "J.l i s  a  p l o t  o f  
th e  a i r  d i s c h a r g e  c o e f f i c i e n t s  v s  th e  r a t i o  o f  t h e  v e l o c i t y  o f  th e  c r o s s -  
f lo w  s t r e a m  though  th e  s l o t  t o  th e  m ain  f lo w  v e l o c i t y .  The d im e n s io n -  
l e s s  v e l o c i t y  r a t i o  Vg^/V was found  t o  be t h e  m o s t  v a l u a b l e  v a r i a b l e  
f o r  c o r r e l a t i o n  p u r p o s e s .  A d e f i n i t e  geom etry  e f f e c t  on th e  d i s c h a r g e  
c o e f f i c i e n t  was o b t a i n e d  w hich  a g r e e s  w i t h  t h e  r e s u l t s  o f  p r e v i o u s  i n ­
v e s t i g a t o r s ,  n o t a b l y  McNown [ 2 ] and Soucek  and Z e l n i c k  [ 7 ] .  D is c h a rg e  
c o e f f i c i e n t s  f o r  s l o t s  21 , $2 and 35 e x h i b i t e d  t h e  same b e h a v io u r ,  w h i le  
th e  s m a l l e s t  s l o t  11 had  th e  h i g h e s t  d i s c h a r g e  c o e f f i c i e n t .  S l o t  5 I  had  
a much low er  d i s c h a r g e  c o e f f i c i e n t  a t  t h e  same v a lu e  o f  V^^/V.
O a k e y 's  [ 10] w a te r  d a t a  had  e x h i b i t  th e  same b e h a v io u r  w i th
V^^/V b u t  t h e r e  was no n o t i c e a b l e  e f f e c t  o f  geom etry  f o r  p v a r i e d  from 
.094  t o  .6 8 5 .  S o u c e k ’ s and Z e l n i c k ' s  [ 7 ]  w a te r  d a t a  f o r  p v a l u e s  o f
0 .1 9 ^ ,  0 .2 6 8  and 0 .3 4  a l s o  had  i n c r e a s i n g  w i th  T he re  was a
s l i g h t  i n c r e a s e  i n  th e  v a lu e  o f  a s  p  d e c r e a s e d  from  O.34 t o  0 . 194.
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The g eo m etry  e f f e c t  i s  i l l u s t r a t e d  i n  F i g .  7 . 2 w here  Cg d e c r e a s e s  l i n ­
e a r l y  v rith  p u n t i l  p = 0 . 1 . No d e f i n i t e  c o n c l u s i o n s  can  be made h e r e  
f o r  0 .1  ^ p ^ O . 5 * However, f o r  p >- 0 . 5, 0^ r e m a in e d  c o n s t a n t .  I t  i s  o f  
i n t e r e s t  t o  n o t e  t h a t  d a t a  p o i n t s  l a b e l l e d  1,  2 and 5 a r e  f o r  i n c r e a s i n g  
s l o t  l e n g t h  and w i t h  a  f i x e d  s l o t  w id th .  A ls o ,  d a t a  p o i n t s  l a b e l l e d  5 ,
Ij- and  5 a r e  f o r  i n c r e a s i n g  s l o t  w id th  w i t h  t h e  l e n g t h  h e ld  c o n s t a n t .  I n  
g e n e r a l ,  [ 2 5 ]  f o r  c o n c e n t r i c  o r i f i c e s ,  a s  t h e  p r a t i o  i s  i n c r e a s e d ,  th e  
v a l u e  o f  t h e  d i s c h a r g e  c o e f f i c i e n t  i n c r e a s e s .  I n  F i g ,  "J.l i t  i s  e v i d e n t  
t h a t  th e  g r e a t e s t  r e s i s t a n c e  t o  c r o s s f l o w  (w h ich  c o r r e s p o n d s  t o  low v a l u e s  
o f  C ) o c c u r s  a t  s m a l l  v a l u e s  o f  V ^ / v .  T hus ,  t h e r e  i s  a  h ig h  r e s i s t a n c e
6 o
t o  c r o s s f l o w  a t  low c r o s s f l o w  r a t e s  f o r  a  f i x e d  t o t a l  mass f l u x .
T h is  b e h a v io u r  c a n  be l i n k e d  t o  th e  momentum o f  t h e  m a in s t r e a m .  The 
p r i n c i p a l  e f f e c t  o f  h i g h  m a in s t r e a m  v e l o c i t y  a p p ro a c h in g  th e  s l o t  would 
a p p e a r  t o  be su c h  a s  t o  r e d u c e  th e  p o r t  d i s c h a r g e .  McNovm’ s e x p e r im e n t  
[ 2] h a s  i n d i c a t e d  t h a t  t h e  e f f e c t i v e  a r e a  i n  a  l a t e r a l  may be  c o n s i d e r a b l y  
l e s s  t h a n  th e  t o t a l  a r e a  o f  t h e  l a t e r a l  f o r  h i g h  m a in s t r e a m  v e l o c i t i e s .  
A l s o ,  t h e  c r o s s f l o w  v e l o c i t y  i s  d e p e n d e n t  upon th e  s t a t i c  h ead  w i t h i n  
th e  tu b e  r a t h e r  t h a n  upon th e  t o t a l  h e a d .  T h e r e f o r e ,  th e  e f f e c t  o f  h ig h  
m a in s t r e a m  v e l o c i t y  i s  t o  r e d u c e  th e  r a t e  o f  c r o s s f l o w  b e c a u s e  o f  l a r g e r  
l o s s e s  and r e d u c e d  e f f e c t i v e  a r e a  r a t h e r  t h a n  t o  i n c r e a s e  t h e  c r o s s f l o w  - 
b e c a u s e  o f  t h e  a d d i t i o n a l  k i n e t i c  e n e r g y .  T h is  can  be d i s c u s s e d  f u r t h e r  
i n  t h e  l i g h t  o f  Soucek  and Z e l n i c k ' s  comments [ 7 ] .  They s u g g e s te d  t h a t  
th e  j e t  d i s c h a r g i n g  from  a c o n t in u o u s  l o n g i t u d i n a l  s l o t  i n c u r r e d  no l o s s  
o f  momentum i n  th e  d i r e c t i o n  p a r a l l e l  to  th e  m a in s t r e a m  f lo w ,  b u t  t h a t  
e a ch  e le m e n t  r e t a i n s  a l o n g i t u d i n a l  v e l o c i t y  component e q u a l  t o  th e
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p i p e  v e l o c i t y  a t  t h e  p o i n t  o f  i s s u e .  The n o rm a l component o f  v e l o c i t y  
a p p e a r s  to  t a k e  p l a c e  a t  th e  e x p e n se  o f  t h e  p r e s s u r e  head  o n l y .  The 
a n g u l a r  d i r e c t i o n  o f  th e  d i s c h a r g e  s t r e a m  w i t h  r e s p e c t  t o  th e  s l o t  a x i s ,  
0 ,  was r e l a t e d  by K o e s t e l  and  Tuve [ 11] t o  a  v e r t i c a l  sum o f  two v e l ­




F i g .  7 . 5  V e l o c i t y  V e c to r s  a f t e r  
K o e s t e l  and Tuve [ 11]
I t  was o b s e rv e d  h e r e  t h a t  th e  a i r  c r o s s f l o w  r a t e  i s  i n v e r s e l y  p r o ­
p o r t i o n a l  to  t h e  m ass  f l u x ,  i n  a g re e m e n t  w i t h  McNown's. d i s c u s s i o n .  (See  
F i g .  6 . 1 . )  K o e s t e l  and Tuve a l s o  fo u n d  t h a t  i f  t h e  p r a t i o  i s  h e l d  con­
s t a n t ,  th e  g e n e r a l  sh a p e  o f  t h e  s t r e a m  w i l l  be  p r a c t i c a l l y  in d e p e n d e n t  
o f  th e  p r e s s u r e  i n  t h e  c o n d u i t  o r  th e  w id th  o f  t h e  s l o t .  The s t r e a m  
d i s c h a r g e  v e l o c i t y  a lo n g  th e  l e n g t h  o f  t h e  s l o t  r e m a in s  a lm o s t  c o n s t a n t ,  
b u t  i t s  d i r e c t i o n  c h a n g es  (S ee  F i g .  7 »^«)
/  / n
F i g .  7 *^ D is c h a rg e  V e l o c i t y  V e c to r s
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T h e re  have  b een  s e v e r a l  d i f f e r e n t  m ethods a t t e m p te d  t o  d e s c r i b e  th e  
c r o s s f l o w  d r i v i n g  f o r c e ,  i n  th e  o r i f i c e  e q u a t i o n .  Soucek and
Z e l n i c k  [ 7 ]  d e f i n e d  APj. a s  t h e  d i f f e r e n c e  b e tw e en  th e  e x t e r n a l  p r e s s u r e  
and th e  i n t e r s e c t i o n  o f  t h e  h y d r a u l i c  g r a d i e n t  a t  a v e r t i c a l  e r e c t e d  a t  
t h e  c e n t e r  o f  th e  s l o t .  Oakey [ 10] d e f i n e d  a  c o n s t a n t  C, e q u a l  t o  Q^/Q, 
t o  a c c o u n t  f o r  t h a t  p o r t i o n  o f  t h e  m a in s t r e a m  v e l o c i t y  h e a d  which i s  u se d  
to  p ro d u c e  th e  c r o s s f l o w .  The m ethod o f  d e f i n i n g  APr u s e d  h e r e  was t o  
e x t r a p o l a t e  t h e  u p s t r e a m  and dow nstream  g r a d i e n t s  b a c k  t o  th e  v e r t i c a l  
e r e c t e d  a t  t h e  s l o t  mid p o i n t  a f t e r  t h e  m ethod o f  McNown. Then APj. i s  
e q u a l  t o  th e  a r i t h m e t i c  mean s t a t i c  p r e s s u r e  a t  t h e  i n t e r s e c t i o n  o f  t h e  
u p s t r e a m  and dow nstream  g r a d i e n t s  m inus t h e  e x t e r n a l  r e f e r e n c e  p r e s s u r e  i n  
th e  c r o s s f l o w  m e a s u r in g  s t a t i o n .  Soucek and Z e l n i c k  n e g l e c t e d  th e  a c t i o n  
o f  t h e  m a in s t r e a m  momentum e f f e c t s  i n  t h e i r  d e f i n i t i o n  o f  AP^. Oakey 
added  a  p o r t i o n  o f  th e  v e l o c i t y  h e a d  e q u a l  t o  (V ^ /v )  t o  t h e  s t a t i c  p r e s s ­
u r e  j u s t  b e f o r e  t h e  l a t e r a l  t o  o b t a i n  AP^.
One f u r t h e r  a s p e c t  t o  be c o n s id e r e d  i s  t h e  medium i n t o  which th e
c r o s s f l o w  s t r e a m  d i s c h a r g e s .  One m ig h t  e x p e c t  t h a t  t h e  v a l u e s  o b t a i n e d
h e r e  f o r  C c o u ld  be d i f f e r e n t  i f  t h e  s t r e a m  d i s c h a r g e d  i n t o  w a te r  o r  
ê
a n o th e r  f lo w in g  s y s te m  i n s t e a d  o f  th e  s t a t i c  m e a s u r in g  s t a t i o n  em ployed 
h e r e .
2 . Two-Phase Flow
( a )  W ater C ro s s f lo w
T here  were t h r e e  p o s s i b l e  m ethods  c o n s id e r e d  i n  C h a p te r  V f o r  r e l a t i n g  
th e  h y d r a u l i c  r e s i s t a n c e  t o  c r o s s f l o w  t o  t h e  a c t u a l  c r o s s f l o w .  One m ethod
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was th e  u s e  o f  d i s c h a r g e  c o e f f i c i e n t s  which g i v e s :
-    ( 7 .1 )
b AZ(1 - c < )  V 2g^ p  -  P ° ) t
The l i q u i d  d i s c h a r g e  c o e f f i c i e n t s  m easu red  h e r e  a r e  shoxm i n  F i g .  7.5  a s  
a  f u n c t i o n  o f  A l l  v a l u e s  o f  u se d  h e re  were com puted  em p lo y in g
th e  M a r t i n e H i - L o c k h a r t  c o r r e l a t i o n  [ 20] b a s e d  upon c r o s s f l o w  p r o p e r t i e s .  
S l o t  5 I  was o m i t t e d  from  th e  p l o t  s i n c e  i t  was c o n s i s t e n t l y  lo w er  t h a n  
v a l u e s  d e te rm in e d  f o r  th e  o t h e r  s l o t s .  A s l i g h t  geom etry  e f f e c t  w hich  
i s  w i t h i n  t h e  e x p e r im e n ta l  s c a t t e r  o f  t h e  d a t a ,  s t i l l  p e r s i s t s  a s  was 
t h e  c a s e  f o r  s i n g l e  p h ase  a i r .  The c o r r e l a t i o n  o b t a i n e d  f o r  s l o t s  11,
21,  32 ,  and 55 o f  th e  fo rm ;
I n  = 0 .0 1 7 0  + 0 .1 4 9 6  I n  (V^^/V) -  0.0281 [ l n ( V ^ ^ / v ) ] ^  ( 7 . 2 )
w i t h  a  s t a n d a r d  d e v i a t i o n  o f  + 5^ .  F o r  s l o t  3^ e q u a t i o n  7 .5  ^ a s  o b t a i n e d .
I n  = -  0 .2 3 7 5  + 0.112  I n  (V^^/V -  0 .0 2 1 6  [ l n { V ^ / V ) f -  ( 7 . 3 )
w i t h  a s t a n d a r d  d e v i a t i o n  o f  + 1 . 4^ .
The se co n d  method was th e  u se  o f  a  l o s s  c o e f f i c i e n t ,  K, d e f i n e d  by
x2
( %  -  Po) =............... ..—  ( 7 . 4 )
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RATIO OF WATER CROSSFLOW VELOCITY TO MAINSTREAM VELOCITY V ^/V ,
F i g ,  7.5  Tv;o-Fhase Flow D is c h a r g e  C o e f f i c i e n t s
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
62
H ere  t h e  t o t a l  tw o -p h ase  m ass f l u x  i s  c o n s id e r e d  i n  te rm s  o f  l i q u i d  a lo n e  
f lo w in g  th ro u g h  t h e  s l o t .  I n  F i g .  7 . 6  t h e  l o s s  c o e f f i c i e n t  i n  te rm s  o f  
number o f  w a te r  v e l o c i t y  h e a d s  i s  sho;m to  be s t r o n g l y  d e p e n d e n t  on th e  
c r o s s f l o w  q u a l i t y .  As t h e  c r o s s f l o w  q u a l i t y  i n c r e a s e s  f ro m  0 t o  100% 
t h e  l o s s  c o e f f i c i e n t  i n c r e a s e s  a p p r o x im a te ly  t h r e e  d e c a d e s .  The s i n g l e  
p h a se  w a t e r  d a t a  (X^ = O) was o b t a i n e d  from  Oakey [ 10] .  H e re ,  th e  
d i m e n s io n l e s s  v e l o c i t y  r a t i o ,  V^/V, was once more fo u n d  t o  be a  s i g ­
n i f i c a n t  c o r r e l a t i o n  p a r a m e t e r .  A f i n a l  c o r r e l a t i o n  o f  t h e  d a t a  f o r  
s l o t s  2 1 ,5 2  and 55 was o b t a i n e d ;
I n  [ K /250(X *)1 ' ^ ]  = 0 .8 7 5 6 5  -  0 .1 8 2 8 0  [ l n ( v ' ' / v ) ]  + 0.14818  [ l n ( V ^ / v ) ] ^  ( 7 .5 )
w i t h  a  s t a n d a r d  d e v i a t i o n  o f  O.Okk,
F i g ,  7 , 7  g i v e s  a  p l o t  o f  t h e  f i n a l  c o r r e l a t i o n  a s  a  f u n c t i o n  o f  
V^/V, The d i f f i c u l t y  i n  e m p lo y in g  t h i s  m odel i s  t h a t  one f u r t h e r  c o r ­
r e l a t i o n  i s  r e q u i r e d  t o  r e l a t e  t h e  c r o s s f l o w  q u a l i t y  t o  V^/V, One c o u ld  
a s  a  f i r s t  a p p ro x im a t io n  assume t h a t  t h e  c r o s s f l o w  q u a l i t y  i s  i d e n t i c a l  
t o  t h e  m a in s t r e a m  q u a l i t y .
The t h i r d  m ethod em ployed th e  M a r t i n e l l i - L o c k h a r t  homogeneous t h e o r y  
m u l t i p l i e r  [ 20] ,  The e q u a t i o n  r e l a t i n g  t h e  p r e s s u r e  d rop  a c r o s s  t h e  s l o t  
and  c r o s s f l o w  i s ;
Kf ^
"  T T W




































SLOTS 21,32. a  33
K FOR SINGLE 
PHASE WATER, 
REPRODUCED FROM 
OAKEY (REF. 10) K = . ( c r r
2019^
\X =  X ÿTq  f  (l -X )V i
O'I I 2
RATIO OF CROSSFLOW ^VELOCITY TO MEAN AXIAL VELOCITY, 
V ^ / V  , DIMENSIONLESS
Fig. 7 . 6  Loss Coefficient in Terms of Number o f  
Water Velocity Heads
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A c o m p a r iso n  w i t h  t h i s  m ethod i n d i c a t e d  t h a t  th e  p r e d i c t e d  h y d r a u l i c  
l o s s e s  were c o n s i d e r a b l y  l e s s  t h a n  t h a t  a c t u a l l y  m easu red  e s p e c i a l l y  
f o r  th e  h i g h  q u a l i t y  r u n s .  Once more a  c o r r e l a t i o n  o f  w i th  
some o t h e r  f lo w  p a ra m e te r  i s  r e q u i r e d  to  e n a b le  t h e  i n d i v i d u a l  c r o s s f l o w  
r a t e  ( a i r  and w a te r )  t o  be p r e d i c t e d .  The o r i f i c e  e q u a t i o n  em p loy ing  
t h e  d i s c h a r g e  c o e f f i c i e n t s  i s  t h e  m ethod  recommended h e r e  f o r  c a l c u l a t i n g  
c r o s s f l o w  r a t e s .
(b )  A i r  C ro s s f lo w
The t h r e e  m ethods  o f  c a l c u l a t i n g  w a te r  c r o s s f l o w  r a t e s  a p p ly  a s  
w e l l  to  a i r  c r o s s f l o w  r a t e s  and th e  same c o n c lu s i o n s  h o ld  t r u e .  F i g .  7*5 
i s  th e  p l o t  o f  Cgj. v s  V^/V where
V -  ------------- : = ! = = = = = =  (7 .7 )
b \ / 2 e ,  e  ( p „  -  p , ) [
Here a g a in  a  s l i g h t  geom etry  e f f e c t  i s  e v id e n c e d  b u t  th e  e r r o r  i s  w i t h i n  
t h e  e x p e r i m e n t a l  d a t a  s c a t t e r ,  A c o r r e l a t i o n  was o b t a i n e d  u s i n g  s l o t s  
11, 2 1 ,  52 , and 33.»
I n  Cgt = -  0 .8 3 1 1  + O.267L I n  (Vg^/V) -  0 ,0 7 1 6 3  [ I n  ( V ^ ^ /v ) ] ^  ( 7 . 8 )
w i th  s t a n d a r d  d e v i a t i o n  = 5$»
F or  s l o t  5 1 ,  E q u a t io n  7 ,9  was o b t a i n e d :
In  Cg^ = -  1 .1 6 6  + 0 .2 6 2  In  (Vg^/V) -  0 .0 7 1 7 4  [ I n  ( V J ^ /v ) ] ^  ( 7 . 9 )
w i th  s t a n d a r d  d e v i a t i o n  = 5 *4^»
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One f u r t h e r  p o i n t  f o r  d i s c u s s i o n  i s  t h a t  f o r  a l l  v a lu e s  o f  q u a l i t y  l e s s  
th a n  100^  a l l  v a l u e s  o f  t o t a l  mass f l u x  and a l l  s l o t  l e n g t h s ,  i f  t h e  a i r  
c r o s s f l o w  v s  s l o t  w id th  c u rv e  w ere  e x t r a p o l a t e d  t o  z e ro  a i r  c r o s s f l o w ,  
th e n  a c r i t i c a l  s l o t  w id th  o f  7 - I / 2  m i l s  was o b t a i n e d  a t  a  v a lu e  o f  
APj. = 0 .2 5  p s i  (See  F i g .  6 . 5 . ) .  T h is  b e h a v io u r  was n o t  o b s e rv e d  u n d e r  
s i n g l e - p h a s e  a i r  c o n d i t i o n s  n o r  f o r  w a te r  c r o s s f lo w  i n  tw o -p h ase  f lo w .
I t  i s  b e l i e v e d  h e re  t h a t  s u r f a c e  t e n s i o n  f o r c e s  m ust be  i n c l u d e d  i n  any 
c o r r e l a t i o n  which s e e k s  t o  p r e d i c t  t h i s  c r i t i c a l  s l o t  w id th .
B. AXIAL PRESSURE RECOVERY
1 . S i n g le  P hase  Flow
F i g .  6 .8  compared th e  m easu red  a x i a l  p r e s s u r e  r e c o v e r y ,  AP^, w i th  
t h e  t h e o r e t i c a l  a x i a l  p r e s s u r e  r e c o v e r y  when th e  momentum c o r r e c t i o n  
f a c t o r ,  k ,  was d e f i n e d  as*
APa = k
Gf V]_ -  Gg Vg
8c
F o r  i d e a l  a x i a l  p r e s s u r e  g a i n ,  th e  v a lu e  o f  k  would  be 1 . 00 . The v a lu e  
o b t a i n e d  h e re  by a l e a s t  s q u a r e s  f i t  o f  th e  d a t a  i s  O.7O8 w hich  i s  o f  
th e  same o r d e r  o f  m ag n i tu d e  a s  v a l u e s  r e p o r t e d  by A c r iv o s  £ t .  [ I5 ]  .
V a lu e s  o f  AP^ f o r  s l o t  11 c o u ld  n o t  be m easu red  a s  th e  p r e s s u r e  r i s e  
a c r o s s  th e  s l o t  was to o  s m a l l .
( 7 .1 0 )
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2 . Two-Phase Flow
F i g .  6 . 9  i s  th e  p l o t  o f  t h e  m ea su red  a x i a l  p r e s s u r e  r e c o v e r y  AP^ v s  
t h e  t h e o r e t i c a l  a x i a l  p r e s s u r e  r e c o v e r y  w here  k  i s  a g a in  d e f i n e d  by th e  
homogeneous m o d e l;
AP,
— Gg Vg ( 7 .6 )
The q u a l i t y  o f  th e  m ain  f lo w  s t r e a m  now becomes a  p a r a m e t e r .  Here k i n ­
c r e a s e s  w i th  i n c r e a s i n g  q u a l i t y  u n t i l  x  = O .7  w here  i t  r e a c h e s  a  maximum 
v a l u e .  I n  F i g .  J ,8  a  p l o t  o f  m e a su re d  a x i a l  p r e s s u r e  r e c o v e r y  v s  p r e ­
d i c t e d  a x i a l  p r e s s u r e  r e c o v e r y  i s  g iv e n  w here  k  h a s  b e e n  r e d e f i n e d  a s
AP, G_ ( 7 . 7 )
T h is  m ethod o f  p r e d i c t i n g  k  e l i m i n a t e d  q u a l i t y  a s  a  p a r a m e t e r .  The v a lu e  
o f  k  was o b t a i n e d  as  1.0  by a l e a s t  s q u a r e s  f i t .  T h i s  would  seem t o  i n ­
d i c a t e  t h a t  t h e  c r o s s f l o w  s t r e a m  d i s c h a r g e d  from  th e  s l o t  a t  r i g h t  a n g l e s  
t o  th e  p ip e  a x i s .  T h is  was n o t  v i s u a l l y  o b s e rv e d  t o  be t r u e ,  so  t h i s  
d e f i n i t i o n  o f  t h e  momentum c o r r e c t i o n  f a c t o r  g i v e s  v a l u e s  o f  k l a r g e r  
t h a n  th e  a c t u a l .  Here th e  L o c k h a r t - M a r t i n e l l i  m odel [ 20] was employed 
t o  p r e d i c t  a l l  c<. v a l u e s . T h i s  s l i p  m odel f o r  c o r r e l a t i n g  th e  tw o -p h ase  
momentum c o r r e c t i o n  f a c t o r ,  k ,  c o n s i d e r s  th e  t o t a l  p r e s s u r e  r i s e  t o  be 
made up o f  t h e  sum o f  th e  l i q u i d  p h a s e  r i s e  p l u s  t h e  g a s  p h a se  r i s e .  The 
s l i p  model i s  recommended f o r  u s e  i n  p r e d i c t i n g  tw o -p h a se  f lo w  a x i a l  
p r e s s u r e  r i s e s  u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  found  h e r e .  I n  o r d e r
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t o  p r e d i c t  t h e  v a lu e  o f  t h e  a x i a l  p r e s s u r e  r e c o v e r y  F ig»  7 .9  i s  em ployed.
No c a se  o f  " z e r o "  c r o s s f lo w  was o b s e r v e d .  As th e  ( p r e s s u r e
d rop  a c t u a l l y  m easu red  e x p e r i m e n t a l l y )  was r e d u c e d  t o  z e r o ,  o s c i l l a t i o n s  
i n  p r e s s u r e  be tw een  th e  i n s i d e  p ip e  p r e s s u r e  and th e  p r e s s u r e  i n  th e  
m e a s u r in g  s t a t i o n  were s e t  u p .  C o n s e q u e n t ly ,  a  c o n t in u o u s  s u c k in g  and 
b lo w in g  m a n i f o ld  was o b s e rv e d  when " z e r o "  was a t t e m p t e d .  The mean 
v a lu e  on th e  manometer was u s e d  a s  th e  " z e r o "  APj. r e a d i n g .  These  
o s c i l l a t i o n s  d i d  n o t  a f f e c t  th e  a x i a l  p r e s s u r e  g r a d i e n t .  When t h e  v a lu e  
o f  th e  a x i a l  p r e s s u r e  g r a d i e n t  was compared f o r  th e  same tw o -p h ase  con­
d i t i o n s  b o th  b e f o r e  and  a f t e r  t h e  s l o t  was i n s e r t e d ,  i t  was found  t h a t  
t h e  two a g re e d  t o  w i t h i n  4^  (See  T a b le  I I - l ,  I I - 2 ,  Appendix  2 , ) .  The 
a x i a l  p r e s s u r e  g r a d i e n t s  w ere d e te rm in e d  f o r  t h e  f lo w  u n d e r  s tu d y  b e f o r e  
t h e  s l o t  was c u t  i n  th e  tu b e  t o  i n s u r e  t h a t  a  r e f e r e n c e  a x i a l  p r e s s u r e  
g r a d i e n t  would be a v a i l a b l e  f o r  th e  c a s e  o f  " z e r o "  c r o s s f l o w .
C. FLOW DISTRIBUTION THROUGH SLOT
As was d i s c u s s e d  a b o v e ,  th e  f lo w  th ro u g h  th e  s l o t  u n d e r  tw o -p h ase  
c o n d i t i o n s  m a in ta in e d  a  c o n s t a n t  a p p e a ra n c e  o f  a  m i s t  f lo w  no m a t t e r  how 
th e  sy s tem  p a r a m e te r s  w ere  v a r i e d  i n  th e  r a n g e  o f  i n t e r e s t .  I t  i s  
i m p o r ta n t  t o  be a b le  t o  p r e d i c t  th e  q u a l i t y  o f  t h e  c r o s s f l o w  s t r e a m .
T h is  would have  a p p l i c a t i o n s  i n  h e a t  e x c h a n g e r  d e s ig n  w i th  r e g a r d s  t o  
u n e q u a l  h e a t  lo a d s  f o r  th e  t u b e s .  T h is  a s p e c t  o f  ro d  s p a c in g  i s  o f  
s p e c i a l  im p o r ta n c e  i n  c o o l a n t  f u e l  a s s e m b l i e s  f o r  n u c l e a r  r e a c t o r s  s in c e  
one does  n o t  want t o  p a s s  a  low q u a l i t y  c r o s s f lo w  from  a  c h a n n e l  t h a t  
a l r e a d y  h a s  a  h ig h  q u a l i t y  b e c a u s e  o f  th e  d a n g e r  o f  b u r n o u t .  I t  was
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o b s e rv e d  t h a t  l a r g e r  s l o t s  p a s s  a g r e a t e r  q u a l i t y  c r o s s f l o w  s t r e a m  th a n  
t h e  s m a l l e r  s l o t .  H ow ever, t h e y  b o th  co n v e rg e  t o  X^/X = 1 a t  V^/V = . 8 .
By u s e  o f  a  d e s ig n  c u rv e  and  th e  i t e r a t i o n  t e c h n i q u e ,  th e  d e s i r e d  s l o t  
d im e n s io n s  and  V^/V r a t i o s  c o u ld  be d e te r m in e d  t o  e n a b le  th e  c r o s s f l o w  
s t r e a m  t o  h a v e  t h e  same q u a l i t y  a s  t h a t  p o s s e s s e d  by  th e  m ain  f lo w  s t r e a m .  
S in c e  i t  was n o t  p o s s i b l e  i n  t h e  s tu d y  t o  d e te r m in e  th e  a n g le  o f  th e  
c r o s s f l o w  a i r  s t r e a m ,  s i n g l e - p h a s e  w a te r  was r u n  i n  t h e  sy s te m  t o  e n a b le  
t h e  f lo w  c h a r a c t e r i s t i c s  o f  t h e  c r o s s f l o w  s t r e a m  t o  be v i s u a l l y  o b s e r v e d .  
F i g .  7 . 9  shows t h e  r e s u l t s  and  a  tw o -p h ase  c r o s s f l o w  d i s c h a r g e  f o r  comp­




S in g le - P h a s eTwo-Phase 
Flow
A P j,^ <  APj.'" <  A p /  < A P /
F i g .  7 . 9  D is c h a rg e  C h a r a c t e r i s t i c s
C o n s id e r in g  f i r s t  t h e  tw o -p h ase  f lo w  d i s t r i b u t i o n ,  th e  g e n e r a l  
sh a p e  o f  th e  f lo w  th ro u g h  th e  s l o t  was c o n s t a n t  f o r  a l l  f lo w  c o n d i t i o n s
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i n  t h e  m ain  f lo w  c h a n n e l  a s  f a r  as  a t t i t u d e  and a n g le  o f  e m i t t a n c e  a r e  
c o n c e r n e d .  T h i s  a g r e e s  w i th  th e  work o f  K o e s t e l  and Tuve [ 11] ,  The 
c r o s s f l o w  s t r e a m  was o b s e rv e d  t o  be a  homogeneous m ix t u r e  o f  a i r  and 
w a t e r  s i m i l a r  t o  m i s t  f lo w  f o r  a l l  q u a l i t i e s .  I t  was hop ed  t h a t  th e  
d i s t r i b u t i o n  a n g le  c o u ld  be p h o to g ra p h e d .  To t h i s  e n d ,  t h e  c r o s s f l o w  
m e a s u r in g  s t a t i o n  was c o n s t r u c t e d  o f  c l e a r  p l e x i g l a s s .  However, d u r in g  
e a c h  r u n  th e  g l a s s  m i s t e d  up c o n s i d e r a b l y  and a  p h o to g ra p h  was u n o b t a i n ­
a b l e .  From F i g .  7 . 9(b )  t h e  e f f e c t  o f  s u r f a c e  t e n s i o n  i s  e v i d e n t  a t  low 
( c o r r e s p o n d i n g  t o  low V^^/V i n  F i g .  J . l ) .  I n  F i g .  7*9 ( c )  th e  AP^ i s  
l a r g e  enough t o  overcome th e  s u r f a c e  t e n s i o n  f o r c e s  som ew hat. I t  i s  
p o s t u l a t e d  h e r e  t h a t  s u r f a c e  t e n s i o n  f o r c e s  a r e  r e s p o n s i b l e  f o r  th e  
c r i t i c a l  s l o t  w id th  o f  7 - 1 / 2  m i l s  o b s e rv e d  f o r  t h e  a i r  c r o s s f l o w  i n  
tw o -p h a s e  f lo w  a t  a  AP^ e q u a l  t o  O .25 p s i .  F o r  t h e  p u r p o s e  o f  t h i s  d i s ­
c u s s i o n  one c o u ld  u se  t h e  a n a lo g y  o f  b u b b le  g ro w th .  I n  th e  b e g in n i n g ,  
t h e  b u b b le  e x i s t s  i n  a  therm odynam ic  e q u i l i b r i u m  b e tw e e n  i t s  v a p o u r  
p r e s s u r e  and s u r f a c e  t e n s i o n  f o r c e s .  S i m i l a r i l y ,  i f  we t a k e  a  f lo w  
p a r t i c l e  t h a t  i s  h o v e r in g  on th e  v e rg e  o f  becom ing a  c r o s s f l o w  p a r t i c l e  
i t  i s  i n  a  dynamic e q u i l i b r i u m  be tw een  th e  r a d i a l  p r e s s u r e  g r a d i e n t ,
APj., and th e  s u r f a c e  t e n s i o n  f o r c e s .  C a r ry in g  th e  a n a lo g y  f u r t h e r ,  f o r  
t h e  b u b b le  t o  grow, i t s  v a p o u r  p r e s s u r e  m ust  overcome t h e  s u r f a c e  t e n s i o n  
f o r c e s  and t h e  i n e r t i a  o f  t h e  l i q u i d  a ro u n d  i t .  The p o t e n t i a l  c r o s s f l o w  
p a r t i c l e  m ust  be a c t e d  upon by a  l a r g e  enough APj- t o  overcome t h e  s u r f a c e  
t e n s i o n  f o r c e s  a t  th e  s l o t  and  i t s  01m i n e r t i a  due t o  t h e  f a c t  t h a t  i t  
i s  m oving  w i t h  m ain  s t r e a m  v e l o c i t y  and m ust now move i n  a  d i r e c t i o n  a t  
r i g h t  a n g le s  t o  i t s  p r e s e n t  p a t h .  T h is  l a t t e r  p o i n t  may be an  i m p o r t a n t  
f a c t o r ,  e s p e c i a l l y  when c o n s i d e r i n g  a s m a l l  s l o t .  However, i t  h a s  been  
shown e x p e r i m e n t a l l y  by McNown [ 2 ]  t h a t  th e  p o s i t i o n  o f  th e  f lo w  i n -
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v o lv e d  i n  c r o s s f lo w  w i l l  come from  th e  s lo w e r  m oving f lo w  c l o s e r  t o  th e  
w a l l .
D. AXIAL PRESSURE GRADIENTS
1 . S in g le - P h a s e  A ir
The F a n n in g  e q u a t i o n  was employed t o  f i n d  th e  f r i c t i o n  f a c t o r  f o r  
t h e  p l e x i g l a s s  f lo w  c h a n n e l .  As would  be e x p e c t e d ,  t h e  d a t a  f a l l  on th e  
c u rv e  f o r  a smooth p i p e .  R i c h a r d s o n 's  d a t a  [2 7 ]  f o r  s i n g l e - p h a s e  w a te r  
i n  a  p l e x i g l a s s  t e s t  s e c t i o n  i s  a l s o  i n c l u d e d  i n  F i g .  7 .10 f o r  c o m p a r iso n .
2 . Two-Phase A ir -W a te r  Flow
The tw o -p h ase  p r e s s u r e  d rop  d a t a  o v e r  th e  t e s t  s e c t i o n  when no 
c r o s s f l o w  o c c u r r e d  i s  l i s t e d  i n  A ppendix  I I .  The d a t a  i s  v e r y  r e ­
p r o d u c i b l e  ev en  though  i t  was ta k e n  m onths a p a r t  and u n d e r  s l i g h t l y  
d i f f e r e n t  am b ie n t  c o n d i t i o n s .
The M a r t i n e l l i - L o c k h a r t  c o r r e l a t i o n  [ 20] was employed (See  F i g .  "J.lh) 
and  f i t s  th e  d a t a  v e ry  w e l l  i n  t h e  low q u a l i t y ,  low m ass f l u x  r e g i o n  b u t  
f a l l s  do;m i n  t h e  upper  r e g i o n s .  T h is  i s  t o  be e x p e c t e d ,  s i n c e  th e  c o r ­
r e l a t i o n  was i n te n d e d  f o r  a n n u la r  f lo w  and th e  u p p e r  q u a l i t y ,  mass f l u x  
r u n s  were v i s u a l l y  o b se rv e d  to  be i n  t h e  a n n u la r  f lo w  w i t h  h ig h  e n t r a i n -  
m ent and m i s t  f lo w  r e g i o n s .  Owens Model [ 28] was t e s t e d  b u t  was n o t  
s u c c e s s f u l .
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MEASURED PRESSURE GRADIENT, P S I /F T .
F i g .  7.11  Com parison  o f  L o c k h a r t - M a r t i n e l l i  
Model w i th  E x p e r im e n ta l  D a ta
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VIII CONCLUSIONS
A. SINGLE-PHASE AIR
The o r i f i c e  e q u a t i o n  p ro v e d  t o  be s u c c e s s f u l .  The g e n e r a l  shape 
o f  th e  c u rv e s  i s  c o n s i s t e n t  f o r  e a c h  s l o t  s t u d i e d  a l t h o u g h  a  d e f i n i t e  
geom etry  e f f e c t  i s  e v id e n c e d .  I t  may be c o n c lu d e d  t h a t ;
1 ,  S in c e  t h e  v a lu e  o f  t h e  d i s c h a r g e  c o e f f i c i e n t  c h a n g e s  r a p i d l y
o v e r  th e  r a n g e  < 0 . 5 ;  th e  e x p e r i m e n t a l  d e t e r m i n a t i o n
o f  th e  d i s c h a r g e  c o e f f i c i e n t  i s  n e c e s s a r y ,
2 . The u se  o f  a c o n s t a n t  v a lu e  f o r  i n  th e  o r i f i c e  e q u a t i o n
f o r  d e s ig n  p u r p o s e s  would  n o t  be f e a s i b l e .  However, f o r  
v a lu e s  o f  V^^/V 0 . 5 ;  t h e  Cg a p p ro a c h e s  a  c o n s t a n t  v a lu e
o f  a b o u t  O063.
3 .  A i r  c r o s s f lo w  r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  mass
f l u x .
I
U. The v a lu e  o f  k ,  t h e  momentum c o r r e c t i o n  f a c t o r ,  was o b t a i n e d
h e r e  a s  O.7O8.
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5 . The f r i c t i o n  f a c t o r  commonly u se d  f o r  sm ooth  p i p e s  i s  a l s o
a p p l i c a b l e  to  p l e x i g l a s s  t e s t  s e c t i o n s .
B. TWO-PHASE FLOW
1 . W ater  C r o s s f lo w
1 ,  A s l i g h t  g e o m e try  e f f e c t ,  w hich  i s  w i t h i n  t h e  e x p e r i m e n t a l  
s c a t t e r  o f  th e  d a t a ,  i s  e v id e n c e d  when th e  o r i f i c e  e q u a t i o n  
i s  a p p l i e d .
2 . The o r i f i c e  e q u a t i o n  e m p loy ing  d i s c h a r g e  c o e f f i c i e n t s  i s  th e  
m ethod  recommended h e r e  f o r  c a l c u l a t i n g  c r o s s f l o w  r a t e s .
2 . A i r  C r o s s f lo w
1 . The same c o n c l u s i o n s  h o l d  t r u e  h e r e  a s  f o r  t h e  w a te r  c r o s s f l o w
r a t e s .
5 ,  A x ia l  P r e s s u r e  R ecove ry
1 . The s l i p  m odel i s  recommended f o r  u s e  i n  p r e d i c t i n g  tw o-phase
f lo w  a x i a l  p r e s s u r e  r ises  u n d e r  c o n d i t i o n s  s i m i l a r  t o  th o s e  
found  h e r e .
2 . The v a lu e  o f  k  o b t a i n e d  em p lo y in g  th e  s l i p  m odel i s  c o n c lu d e d
t o  b e  1 . 0 .
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5 » The p r e s e n c e  o f  t h e  s l o t  i n  th e  tu b e  t e s t  s e c t i o n  d i d  n o t
a f f e c t  t h e  a x i a l  p r e s s u r e  g r a d i e n t s  f o r  th e  c a s e  o f  " z e r o "  
c r o s s f l o w ,
4 . A x ia l  P r e s s u r e  G r a d i e n t s
1 , The L o c k h a r t - M a r t i n e l l i  c o r r e l a t i o n  [ 20] f i t s  t h e  d a t a  v e r y
w e l l  i n  t h e  low q u a l i t y ,  low m ass f l u x  r e g i o n .
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NOMENCLATURE
D im ensions a r e  g iv e n  i n  te rm s  o f  mass ( m) , l e n g t h  ( L ) ,  t im e  ( t )  
and t e m p e ra tu re  ( t )„
2
A^ D is c h a r g in g  tu b e  a r e a  L
/  • ' 
Aq Sum o f  a r e a s  o f  a l l  d i s c h a r g e  h o l e s  L'2
p
Ap C r o s s - s e c t i o n a l  a r e a  o f  m a n i f o ld  L
b S l o t  w id th  L
C O akey’ s c o n s t a n t  Q^*/Q
Cg S i n g le - p h a s e  a i r  d i s c h a r g e  c o e f f i c i e n t
C^ S in g le - p h a s e  w a te r  d i s c h a r g e  c o e f f i c i e n t
C Two-phase a i r  d i s c h a r g e  c o e f f i c i e n tg t
C^j. Two-phase w a te r  d i s c h a r g e  c o e f f i c i e n t
D D iam e te r  o f  f lo w  c h a n n e l  L
f  F a n n in g  f r i c t i o n  f a c t o r
G T o t a l  mass f l u x  m/ tl'^
G r a v i t a t i o n a l  c o n v e r s io n  f a c t o r  
h j  Head l o s s  due t o  f r i c t i o n  L
K L oss  c o e f f i c i e n t
k Momentum c o r r e c t i o n  f a c t o r
M L o c k h a r t - M a r t i n e l l i  p a ra m e te r
m Mass M
Ngg R e y n o ld ’ s Number
p P e r im e te r  o f  c h a n n e l  Lc
P S t a t i c  p r e s s u r e  m/ L
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P r e s s u r e  d rop  p e r  u n i t  l e n g t h  m/L ^
P r e s s u r e  d rop  a c r o s s  t h e  s l o t  M /l5
A x ia l  p r e s s u r e  r e c o v e r y  a c r o s s  t h e  s l o t  m/L ^
AP R a d i a l  p r e s s u r e  d rop  th r o u g h  th e  s l o t
= AP^ + A P g /z  M/L^
AP^ M easured  p r e s s u r e  d ro p  th r o u g h  th e  s l o t  m/L ^
Q V o lu m e t r ic  f low  r a t e  L ^ / t
t  T e s t  s e c t i o n  w a l l  t h i c k n e s s  L
V A verage  v e l o c i t y  L / t
V A verage  s p e c i f i c  volume L ^ / t
W Mass f lo w  r a t e  n / t
X Q u a l i t y  D im e n s io n le s s
Z S l o t  l e n g t h  L
G reek  Symbols
sC V oid  f r a c t i o n
p S l o t  a r e a
P ip e  a r e a
^  F u n c t io n  o f  M u t i l i z e d  i n  c a l c u l a t i n g  tw o-
p h a s e  p r e s s u r e  d rop
^  V i s c o s i t y  M/Lt
^  D e n s i ty  M/L^
^  gLEg + (L -43 N/L^
T" S h e a r  s t r e s s  t e n s o r  M /t^L
S u b s c r i p t s
a  A x ia l
g Gas o r  a i r  phase
i L i q u i d  o r  w a te r  p h a s e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
m i n t e r n a l
r r a d i a l
t tw o -p h a se
X m ea su red
1 u p s t r e a m  from s l o t
2 dow nstream  from  s l o t
5 s l o t  c o n d i t i o n
S u p e r s c r i p t s
o C o n d i t io n s  e x t e r n a l  to  t h e  tu b e
X C r o s s f lo w  s t r e a m  c o n d i t i o n s
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APPENDIX I
SINGLE-PHASE AIR AND AIR-WATER 
CROSSFLOW DATA
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APPENDIX I 
TABLE I.T
W ater and  A i r  C r o s s f lo w  R a te s  a t  $0 p s i a
S l o t  L e n g th  = 1.66  i n .




Q u a l i t y T o t a l  Mass 
F lu x
. I b m / h r - f  t ^
X 10"6
P r e s s u r e  
Drop 
A c ro s s  S l o t
i n .  w a te r
“ g"
A i r  P h a se  
C r o s s f lo w
Ib m /h r
W ater  P h a s e  
C r o s s f lo w
Ib m /h r
l - l - l - l 0 .2 0 0 0 .2 0 5 9 .5 0 4 .4 3 5 7 .8
14.82 6 .3 5 46.0
2 0 .8 8 8 .64 5 4 .5
28.09 10.57 5 8 .2
1 - 1 - 2 - 1 0 .3 0 3 0 ,2 0 1 5 .9 1 5 .6 9 24.0
14.29 7 .0 8 5 2 .8
2 0 .4 3 9 . 8 6 5 6 .6
5 2 .9 5 1 4 .0 7 40.8
1- 1—3“ l 0 .5 0 0 0 .1 9 9 5 .7 5 5 .5 2 6 .5
1 0 .1 1 7 .0 0 1 0 .8
2 1 .1 6 1 2 .6 5 1 7 .1
50.58 1 5 .9 5 1 7 .8
1- 1- 4-1 0 .7 0 5 0 ,2 0 0 5 .0 2 5 .6 7 5 . 5
9.61 6 ,9 8 7.2
21.55 1 4 .0 3 9 .8
3 4 .8 1 1 8 .7 1 12.8
1- 1- 1-2 0 .2 1 2 0 .2 7 9 1 3 .6 2 2.20 2 5 .8
1 6 .0 0 5 .8 8 40.6
2 7 .2 5 1 1 ,6 9 5 1 .7
4 9 .5 6 1 8 .7 1 6 6 ,7
84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
85
Run
1- 1- 2-2 0 .294
1 - 1 - 3 - 2  0.495
1 - 1 - 4 - 2  0 .6 9 8
1 - 1 - 1 - 3  0 .2 0 7
1 - 1 - 2 - 5  0 .3 0 7
1- 1- 3-3  0.492
0 .7 0 2
1- 1- 1-4  0 .2 0 2
1 - 1 - 2 - 4  0 .3 0 6
0.305





0 .5 0 9
0.698
0 .6 8 3
X
Wg
1.82 1.84 1 1 .0
15.10 5.95 24.0
24.80 12.86 55.5
55.64 1 6 .8 3 44.4
5.05 2.06 3.6
10 .05 6.98 6 .1
18.52 1 1 .2 2 9.8
5 1 .7 0 16.57 12.6
2.69 2.20 2.5
1 1 .1 6 7 .2 0 5.5
2 0 .8 8 1 2 .1 6 4.9
5 5 .0 6 1 7 .5 1 6.3
8.55 1 .4 7 1 7 .4
17.64 5.88 3 4 .8
27.55 9.56 42.5
59.51 1 5 .1 0 5 1 .5
5 .8 6 1 . 4-7 5.4
12 .11 6 .2 5 1 2 .2
18.75 9.56 14.6
55.29 14.98 1 9 .4
4.41 5 .5 1 4.8
15.99 8.89 8 . 6
27.98 15.81 12.-2
45.56 18.96 14.5
1 .6 6 1.48 0.8
8 .0 7 5.42 2 .0
21.55 1 1 .9 8 5.6
42.77 19.05 5.0
4.28 2.20 1 9 .4
9 .8 6 5 .1 5 5 1 .1
2 1 .6 2 9.60 59.6
3 8 .9 4 14.20 60.8
1.46 1.84 4.6
7 .4 0 5.16 8.1
18.92 1 1 .4 9 1 3 .2
3 6 .6 0 1 7 .1 2 1 6 .9
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TABLE 1.2
W ater and A ir C ro ss flo w  R a te s  a t  50 p s ia
S lo t L en g th  = 5 .9 8 5  i n .
S lo t W idth  = 0.012  i n .
X S A ? x " l"
Run Q u a l i ty T o ta l  Mass P r e s s u r e A ir  P h ase W ater P hase A x ia l
F lu x Drop C ro ss f lo w C ro ss f lo w P r e s s u r e
A cro ss S lo t R ecovery
I b m /h r - f t^
l _w- x- g X 10-G i n .  w a te r Ib m /h r Ibm /h r i n .  w a te r
2- 1- 1-1 0.199 0.204 2 ,6 9 2 .2 1 5 5 .5 0 .1 1
6 .3 5 6 .6 2 5 6 .5 0 .2 1
18.49 1 5 . 9 1 9 1 . 1 0.55
5 4 .8 1 2 4 .3 4 1 0 5 .0 0 .7 0
2—1 -2 —1 0 .3 0 2 0 .2 0 1 2,28 2 .2 0 2 3 .8
5 .6 6 6 .9 8 59.2 0,42
17.64 1 7 .7 7 6 6 .1 1 .0 1
. 3 0 .2 5 2 6 .1 9 7 8 .4 1 .5 7
2- 1- 5-1 0 .5 0 2 0 .2 0 0 2 .2 2 4.41 1 2 .6 0 .5 0
6 .5 0 1 0 .3 0 2 0 .5 0 .9 2
1 9 .8 0 2 3 .4 1 5 5 .4 1 .5 7
3 1 .5 6 51.84 5 5 .8 1 .9 0
2 - 1 - I t - l 0 .7 0 5 0 .2 0 0 2 .7 2 5 .1 5 7 .6
8.64 1 4 .0 5 1 2 .2
1 9 .5 6 24.35 1 5 .6
2 -1 —1-2 0 .1 9 5 0 .2 9 8 4.12 2 .5 8 40.3 0.18
8 .9 4 6 .9 9 64.4 0 .7 8  ^
1 9 .5 4 14.99 9 2 .5 0.99
5 1 .2 5 2 2 .4 9 104.0 1 . 5 4
2- 1- 2-2 0 .2 9 5 0 .3 0 4 2 .1 9 2 .9 4 24,6 1 .0 9
9 .0 6 1 1 .7 1 4 5 .9 1 .5 9
1 9 .8 0 22.48 6 1 .8 1 .9 7
5 2 .0 4 5 0 . 9 1 7 0 .4 3 .0 8
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8 7
Run
2- 1- 5-2 O.U96 0 .5 0 2
2 -1 -U -2  0 .6 9 8  0 .5 0 0
2 - 1 - 1 - 5  0 .2 0 5  0 .U 06
2 - 1 - 2 - 5  0 .2 9 9  0.401
2 - I - 5 - 5  0 .4 9 5  0 .4 0 8
2 - 1 - 4 - 5  0 .7 0 2  0 .5 9 9
2 - 1 - 1 - 4  0 .2 0 7  0.465
2 - 1 - 2 - 4  0 .5 0 7  0 .5 0 4
2 - 1 - 5 - 4  0 .4 9 2  0 .4 9 9
A Pjj " o ' V A l’a
1 .9 5 8 .1 0 .5 0
8.18 i 4 :o 5 14.9 1.40
21.44 2 6 .2 4 2 1 .8 2 .0 1
5 0 .2 5 5 2 .7 9 2 5 .8 2.58
5 .6 1 4 .7 2 2 .2 0 .5 6
8.64 1 1 .7 5 5.8 1 .7 5
1 9 .1 8 2 4 .4 5 1 0 .6 4 .7 5
5 1 .2 5 5 2 .8 9 1 5 .5 5 .6 0
5 .5 9 2 .2 1 42.5 0 .5 5
8.55 6 .6 5 7 1 .0 0 .6 5
1 9 .5 8 1 4 .0 7 9 0 .0 0.97
4 7 .6 1 25.46 104.0 1.42
5.84 5 .1 7 24.7 0 .6 5
1 2 .5 2 14.09 5 9 .7 2 .1 5
2 1 .1 6 2 1 .6 1 4 9 .0 5 .9 0
5^ A l 2 9 .1 5 55.5
2.99 5 .1 7 • 5.4 0 .9 0
9.12 14.09 1 0 .0 5 1 .9 0
1 5 .^ 7 2 5 .4 9 1 4 .3 0 5.18
55.18 5 2 .8 9 1 7 .1 0 4.40
2 .2 2 6 .o 4 4.24
1 3 .9 1 18.77 8 .8 5
2 6 .2 1 2 8 .1 5 1 2 .4 5
5 5 .0 5 5 5 .5 1 1 4 .7 0
5.46 2.57 5 5 .8 0 .5 4
8 .0 7 6 .9 9 5 5 .9 1 .1 5
20.. 45 1 6 .8 6 7 9 .2 1 .9 8
5 1 .8 1 24.55 9 5 .0 2 .7 5
2 .4 5 5 .8 8 1 2 .1 0 .7 5
10.24 14.05 24.0 1 .6 0
1 9 .5 8 2 1 .5 4 5 0 .8 2 .2 5
55.18 5 0 .9 1 5 6 .0 5 .9 5
2.28 5 .1 5 4 .’l 1.48
8 .4 7 14.05 8 .0 2.57
1 9 .8 9 2 4 .5 6 1 1 .7 5 .5 5
5 0 .2 5 5 0 .9 2 14.6 8.55
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TABLE 1,3
W ater and A ir  C ro s s f lo w  R a te s  a t  $0 p s i a
S l o t  L en g th  = 5-98 i n .  
S lo t  W idth  = 0.012  i n .
X A P% " o '
Run Q u a l i ty T o ta l  Mass P r e s s u r e A ir  P h ase W ater P h ase A x ia l
F lu x Drop C ro ss f lo w C ro s s f lo w  ■ P r e s s u r e
I b m /h r - f t^
A cro ss  S lo t R ecovery
L-W-X-G X 10-G i n .  w a te r Ib m /h r Ib tn /h r i n .  w a te r
5- 1- 1-1 0.200 0 .2 0 3 5 .5 9 5 .6 9 46.5 0 .4 9
13.25 14.11 96.4 0 .9 1
21.81 2 1 .1 6 115.8 1 .0 5
5 6 .6 0 28.22 129.9 1.79
5 ” 1 "*2—1 0 .3 0 2 0 ,2 0 1 5.17 2.95 5 2 .9 0.44
9.49 1 2 .2 0 59.4 0.85
2 1 .1 6 2 5 .4 5 8 5 .7 1 .6 9
• 3 1 .5 6 5 1 .8 7 9 2 .5 2.00
5 - I - 5 - I 0 .5 0 0 0.200 5 .1 7 5 .1 5 1 6 .4 0 .5 8
9.12 1 4 .0 6 26.8 1 .1 6
21.16 28.12 5 8 .1 2.24
5 2 .7 2 5 8 .4 5 44.2 2.24
5” 1—4—1 0 .7 0 5 0.200 5 .5 5 5 .1 5 8.5 0.89
8.55 14.05 15.1 1 .7 9
18.06 2 5 .7 6 17.9 2.95
2 9 .5 4 57.46 21.4 5.57
3- 1- 1-2 0.202 0 .3 0 1 5 .1 0 2.21 5 0 .6 0 .5 2
7 .9 5 7 .0 0 8 0 .5 0 .7 1  "
1 8 .4 9 1 6 .8 7 112.0 1.21
5 2 .2 6 2 7 .1 9 1 5 8 .4 1 .6 9
3 - I - 2 - 2 0 .2 9 5 0 .3 0 4 5 .5 5 2.21 2 9 .4
7 .0 8 6.99 48.0 1.17
1 9 .6 2 20.59 7 4 .9 1 .5 0
5 2 .5 8 5 1 .8 5 86.0 1 .9 1
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5 - I - I - 3 ’ 0.205 0.4o6
5 -I-2 -5  0.298 0.400
5_l_5_5 0.495 0.4o6
5- 1- 4-5  0 .6 9 7  0 .5 9 7
0.207 0.485
5-1.2-4 0.507 0.504
5- 1- 5-4  0.492 0.497
Wg"' A fa
2.82 5.68 8 . 9 0 . 7 6
9 . 5 0 14.04 16.1 1.55
19.10 25.28 2 2 . 5 2.28
5 5 . 7 6 5 9 . 5 2 28.5 5.44
5.10 5.15 4 .4 1.08
9.12 14.04 8 . 2 2 . 9 5
20.70 28.08 12.8 4.00
55.76 40.25 16.5 5.15
5.84 2.21 49.5 0 . 4 9
9.12 7.00 8 0 . 4 1.07
22.75 18.76 97.9 1.70
55.28 28.14 157.0 2.57
5.55 4.42 2 8 . 5 0.65
10.89 14.06 45.7 1.42
20.25 25.44 54.7 2.08
51.25 52.82 65.7 2.55
2.22 5.68 6.2 0.82
8.64 14. o4 11.4 2.02
20.25 27.15 17.5 5.72
51.56 57.44 21.6 5.12
2.66 4.42 5.0 1.40
8.76 14.07 6.5 5.50
19.10 26.26 9.5 7.90
51.25 57.51 12.4 7 . 9 0
5.76 2.21 52.5 0.88
9.55 6.99 78.4 1.90
28.75 18.72 111.2 2.96
40.58 28.08 128.8 5.68
5.46 5.51 1 6 . 9 2.25
8.41 10.50 28.5 5.15
20.70 25.41 40.6 4.55
57.95 55.72 48.0 5.50
5.17 5.14 6.5 2.00
7.95 14.o4 10.4 2.90
17.89 25.26 15.2 5.70 ^
50.80 57.45 20.1 7 . 8 0
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
TABLE 1.4
Water and Air Crossflow Rates at 50 psia
Run
X»—W—X—G
S lo t  L en g th  = 6.00  i n .
S lo t  W id th  = 0.04  i n .
X ^T A f x A f a
Q u a l i ty T o ta l  M ass P r e s s u r e A ir  P h ase W ater P h ase A x ia l
F lu x Drop C ro s s f lo w C ro ss f lo w P r e s s u r e
A c ro ss  S l o t R eco v ery
Ib to /h r - f  t
X 10-6 i n .  w a te r Ib m /h r Ib m /h r i n .  w a te r
0.201 0 .2 0 3 2 .7 2 44.62 1 5 9 .0 2.54
8.54 8 2 .6 7 2 5 0 .0 5 .6 5
18.66 1 1 5 .7 5 2 7 9 .0
55.64 148.75 4 2 7 .5
0 .5 0 5 0.201 2.59 4 4 .6 5 1 0 5 .2 2.05
8.41 82.59 1 2 6 .0 5 .5 8
15.84 1 1 5 .5 7 185.0 4 .5 6
5 1 .2 5 156.84 2 2 5 .0
0 .5 0 1 0,200 2 .1 6 44.59 46.5 5 .2 0
6.66 82.51 66.4 5.55
17.64 1 5 1 .9 5 8 8 .7 7 .9 5
55.18 1 7 5 .1 9 1 0 8 .0 1 0 .0 5
0 .7 0 5 0.200 1 .0 8 44.59 22.4 5 .9 2
6.86 9 0 .7 6 55.5 6 .6 2
2 0 .2 5 148.52 48.4 1 0 .5 2
2 9 .8 1 1 7 5 .2 7 5 4 .5 11.12
0.202 0 .5 0 2 2 .0 7 4 4 .6 5 1 6 6 .5 2.85
8.55 # .5 9 240.0 4 .5 0
2 0 .8 8 1 2 5 .8 2 5 0 2 .0 5 .5 0
56.84 1 5 6 .7 7 5 5 4 .0 6 . 40 .
0 .2 9 4 0 .5 0 4 1.99 44.57 9 1 .0 3 .6 0
8.88 9 0 .7 2 141.0 6 .2 5
20.61 1 5 1 .9 5 1 7 6 .1 8 .1 5
5 1 .5 6 1 5 6 .7 0 1 9 9 .5 9 .5 0
5—2—1—1
5 - 2 - 2-1
5- 2- 5-1
5 —2 —4-1
5 - 2 - 1-2
5 - 2- 2-2
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% . A fa
2.37 44.55 28.0 4.70
9.49 9 8 . 8 7 51.6 9.10
22.47 148.51 6 5 .5 15.50
5 5 . 0 6 175.05 6 8 .0 15.50
2 . 5 5 44.57 1 5 .8 5.71
8 - 8 8 98.97 50.1 12.89
20-79 , 148.45 40.2 17.75
5 0 .2 5 175.19 46.1 20.85
2.72 44.57 160.0
9.55 82.47 242.0 6.45
19.71 115.45 5O O .P 8.66
55.40 148.58 554.0 10.55
1-46 44.57 70.5 4.45
7.08 82.47 107.0 7.60
19.80 151.95 145.0 10.95
5 0 . 6 4 156.70 164.0 15.00
1.95 44.55 21.2 7.10
8.88 9 8 . 8 5 42.4 1 5 .5 5
19.71 140.04 5 8 .5 18.55
52.58 172.99 70.6 22.70
2 - 6 9 44.61 11.2 15.80
9.61  . 99.06 24.6 25.00
19.19 140.55 5 5 . 2 52.20
51.92 175.55 40.9 40.70
2.79 44.67 166.0 5-.15
9.61 82.67 244.0 8.70
20.16 115.75 297.0
51.02 l 4o .46 5# . o
2.22 44.65 57.2 5.02
7.51 82.59 92.0 10.57
20.70 152.14 150.5 14.54
56.24 165.17 155.0 18.48
2.22 44.57 19.2 8.19
7.75 90.72 58.6 16.09
20.45 140.20 57.5 2 5 . 1 9  ^
51.02 164.94 69.2 26.59
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TABLE 1.5
W ater and A ir C ro s s f lo w  R a te s  a t  50 p s i a
S lo t  L en g th  = 6.00  i n .
S lo t  W idth  = 0 .0 8  i n .
Run
L-W -X -G
Q u a l i ty  T o ta l  Mass 
F lu x
I b m /h r - f t^
X  10-6
APx
P r e s s u r e  
Drop 
A cro ss  S lo t
i n .  w a te r
A ir  P hase  
C ro s s f lo w
Ib m /h r
W ater P h ase  
C ro ss f lo w
Ib m /h r
A Fa
A x ia l
P r e s s u r e
R ecovery











0 .2 0 0 0 .2 0 5 5.24 1 2 5 .5 9 2 8 9 .0 1 .9 2
7.18 164.79 3 6 6 .0 4.01
0 .5 0 5 0 .2 0 1 2 .5 7 1 2 5 .7 1 186.5 4 .4 5
7 .6 7 1 9 0 .5 1 2 8 0 .0 5.44
0 .5 0 1 0 .2 0 0 1 .7 4 ■ 1 2 5 .7 1 95.4 7 .0 5
5 .8 6 188.86 1 5 0 .0 1 0 .5 0
0 .7 0 5 0 .2 0 1 1 .5 2 12 5 .7 1 48.7 9 .2 7
4.41 1 8 6 .8 0 6 8 .2 14.61
0 .2 0 2 0 ,5 0 2 2 .5 7 12 5 .7 1 2 9 4 . 0 5 .2 9
8 ,1 2 1 8 9 .6 8 5 9 2 .0 7 .9 8
0 .2 9 5 0 .5 0 4 1 .7 7 12 5 .6 2 2 0 2 .0 8 .0 5
6.55 1 8 5 .8 4 5 0 0 . 0 1 1 .7 5
0 .4 9 6 0 .5 0 2 2 .0 7 12 5 .6 2 8 9 . 9 9 .5 2
4.95 18 5 .0 124.2 17 .1 5
0 .6 9 8 0 .3 0 0 1 .1 9 125 .71 . 8 9 . 9 1 5 .0 5
5 .9 8 1 8 1 .8 5 124.2 2 2 .4 5
0 .2 0 5 0 .4 o 6 2 .1 5 125 .65 2 3 0 .0 7 .1 5
6 .8 6 1 8 5 .4 7 5 1 4 .0 10 .7 2
0 .2 9 8 0.400 1 .6 1 12 5 .7 1 1 2 0 .1 10.84
5 .0 2 185.47 1 6 9 .0 1 5 .9 7
92
9)
R u n  X G.J.
5_5_5_5 0 . 4-95 0.407
2) -5- 4-5 0 .7 0 5  0 .5 9 9
0 .2 0 7  0.485
5_3_2-4 . 0 .5 0 7  0.504












1 2 5 .7 1  
180.61
1 2 5 .8 8
175.50
1 2 5 .6 8









2 5 2 .0
5 2 4 .0
9 6 .7




1 8 .6 0
2 6 .2 0
1 1 .0 5
1 6 .7 5
14.68
2 0 .9 8
17.90
2 8 .7 0
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TABLE 1 .6
S in g le  P h ase  A ir  C r o s s f lo w  R a te s  a t  $0 p s i a
S l o t  L eng th  
S l o t  W idth
= 1*66 i n .





Flow R a te
Ibm /hi
Mass F lu x  
I b m / h r - f t ^
X 10-G
A
P r e s s u r e  
Drop 
A c ro s s  S l o t




C ro s s f lo w
Ibm /hi
A Pa
A x ia l
P r e s s u r e
R ecovery
i n .  w a te r
1- 1-1 1 6 9 .h 0.141
1- 1-2 1095.9
1 - 1 -5  1599.6
1 - 1 -4  1652 .1







1 9 .5 4  
5 1 .1 4
5.10
9 .0 0











1 7 .8 9
28.41
4 1 .5 4
4 . 0 5
9 .5 8








1 6 .4 2  
21 .11
4 .0 5
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TABLE 1 .7
S in g le  Phase A ir C rossf low  R a tes  a t  50 p s i a
S l o t  L e n g th  = 5 .9 8  i n .






Mass F lu x
I b m / h r - f t  
X  1 0 - 6
P r e s s u r e  
Drop 
A c ro ss  S l o t
i n .  w a te r
%G
A ir
C r o s s f lo w
Ibm/hr
A x ia l
P r e s s u r e
Recovery
i n .  w a te r
2- 1-1 7 6 9 .4 0.141 1 .7 7 6 .6 1 0.62
5 .1 1 1 4 .0 5 0.94
1 7 .51 28.99 1.88
28:62 58.55 2.45
2- 1-2 1097 .0 0.201 2.22 6 .6 1 0.85
5.57 1 4 .0 5 1.25
1 7 .1 4 ' 28.06 2.65
50.91 59.28 5 .5 0
2- 1~5 1400.9 0 .2 5 6 2.55 6 .6 1
6.20 14 .03
1 8 .2 5 28.06
5 0 .8 0 58.55
2- 1-4 1652 .1 0.305 2 .7 9 6 .6 1 2.65
6 .7 6 14.05 5.50
18.06 2 7 .1 2 4.55
50.80 58.55 6.15
2- 1-5 21 9 1 .5 0.402 5 .6 1 6 .6 1 2.48
8.12. 14.05 5.50
20.52 2 7 .1 2 6 .4 9
5 4 .5 4 58.55 8.59
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TABLE 1 .8
S in g le  Phase  A ir  C r o s s f lo w  R a te s  a t  50 p s i a
S l o t  L e n g th  
S l o t  W idth
= 5 .9 8  i n .




Mass Mass F l u x  
Flow R ate
Ibm /hi
I b m /h r - f t ^
X  1 0 - 6
APx
P r e s s u r e  
Drop 
A c ro s s  S l o t
i n .  w a te r
%G-
A i r
C r o s s f lo w
Ibm /h i
A P a
A x ia l
P r e s s u r e
R ecovery
i n ,  w a te r
3 - 1 - 1 7 7 4 . 1 0 . 1 4 2 2 . 2 2 7 . 0 1 0 . 5 0
7 . 0 8 1 6 . 8 0 0 . 7 1
1 6 . 9 7 3 2 . 9 0 1 . 4 8
5 0 . 2 5 4 6 . 0 4 1 . 8 8
3 - 1 - 2 1 1 0 1 . 6 0 . 2 0 1 2 . 0 7 7 . 0 2 0 . 4 2
■ 8 . 1 8 1 9 . 7 5 1 . 4 7
1 5 . 9 2 5 0 . 5 7 2 . 2 0
5 0 . 0 3 4 4 . 6 7 5 . 0 7
5 - 1 - 5 1 4 0 5 . 5 0 . 2 5 6 2 . 7 9 7 . 0 2 0 . 7 2
8 . 0 7 1 8 . 8 0 2 . 0 0
1 9 . 5 4 3 2 . 9 0 5 . 2 6
5 0 . 2 5 4 3 . 2 4 4 . 5 2
3 - 1 - 4 1 6 5 7 . 2 0 . 3 0 4 5 . 5 5 7 . 0 1 1 . 0 8 '
9 . 6 7 1 8 . 7 9 2 . 7 8
2 1 . 6 2 3 0 . 0 6 4 . 5 8
5 0 . 2 5 4 2 . 2 6 5 . 6 8
5 - 1 - 5 2 1 9 7 . 7 0 . 4 0 3 4 . 2 8 7 . 0 1 2 . 3 5
9 . 8 6 1 6 . 4 4 5 . 6 5
1 9 . 6 2 2 8 .1 8 6 . 4 5
3 4 . 2 2 4 2 . 5 5 9 . 5 5
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TABLE 1.9
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TABLE 1 . 10





























5- 5-1 7 6 9 .4 0.141 1 .3 2 1 2 3 .8 2 6 .5 7
2 .7 9 1 6 5 .1 8 .5 0
4.28 1 9 5 .9 9 1 0 .0 3
5- 5-2 1 0 9 5 .9 0 .2 0 1 1 .1 9 1 2 3 .9 1 0 .0
2.46 165 .1 1 5 .7 7
3.84 1 9 0 .7 1 6 .4 4
5- 5-5 1 5 9 9 .6 0 .2 5 6 1 .5 2 1 2 3 .9 1 5 .8 1
2 .5 7 1 6 5 .2 18.40
. 5 .6 5 1 9 0 .0 2 1 .3 8
5- 5-4 1652 .1 0 .5 0 5 1 .6 9 1 2 3 .9 4 1 7 .4 2
2 .5 6 1 6 5 .5 2 2 .7 2
3 .6 1 186.8 2 6 .6 7  '
5- 5-5 2 1 9 4 ,6 o . 4o 6 2 .5 9 1 2 3 .9 2 5 .4
3 .6 1 1 6 5 .5 5 5 .5
4.08 1 7 9 .8 5 7 .2
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APPENDIX II
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE I I .  1
Two-Phase P r e s s u r e  Drop D a ta  a t  50 p s i a  
1- i n .  Tube Flow S e c t i o n
S l o t  Number
0 11 21 51 32 33
Total AP APMass
Flux a Lt p ,^ TP ^TP ^TP. ^TP ^TP
Ibm/hr-ft^ X Exptl Exptl Exptl Exptl Exptl Exptl
X 10“6 Quality psi/ft psi/ft psi/ft psi/ft psi/ft psi/ft
.2 .2 .176 .162 .159 .157 .147 .155
.2 .5 .201 .193 .195 .2 2 2 .189 .189
. 2 .5 .258 .252 .281 .262 .266 .261
.2 .7 .293 .312 .326 .318 .332 .326
. 3 .2 .248 .249 .269 .263 .268 .246
. 5 .3 .308 .314 .323 .317 .323 .5 1 6
. 5 .5 .416 .420 ,420 .400 .422 .490
. 5 .7 .601 .575 . .584 .589 .6 0 2 .615
.2 — •• .430 .396 ;396 .405
.4 . 5 - - .463 .420 .443 .430
.4 .5 - ■ - .648 .600 .6 2 6 .6 6 6
.4 .7 — 1.090 1 .0 2 0 1 .0 6 0 1 .0 6 0
.5 .2 .480 .455 .505 .505 .5 0 4 .450
.5 . 3 .595 .558 .6 1 5 .623 .629 .640
.5 .5 .895 .8 5 6 .847 .848 .884 .980 '
.5 . 7 1.68 1.87 - - - -
.7 .2 .775 .8 0 6 -
.7 .3 .920 .990 - -
.7 .5 1.21 - - - -
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TABLE I I . 2
S in g le - P h a s e  A i r  P r e s s u r e  Drop D a ta  a t  50 p s i a
1- i n . Tube Flow S e c t io n
/ S l o t  Number
0 11 21 31 32 33
Gt
Mass
F lu x  2 
I b m / h r - f t
X  l o " 6
AP
E x p t l  
p s i / f t
AP
E x p t l
p s i / f t
AP
E x p t l
p s i / f t
AP
^ g
E x p t l  
p s i / f t
AP
E x p t l
p s i / f t
AP
^ g
E x p t l  
p s i / f t
.100 ' .078 - - - - -
.141 .1 3 2 .122 .123 .118 .120 .133
.201 .258 .250 .235 .224 .229 .248
.2 5 6 .392 .391 .384 .386 .387 .403
.503 .559 .564 .547 .545 .571 .5 7 6
.350 .708 - - - — -
.4 0 6 1,01 1.02  1 .035 1.02 1.02 1 .1 0
,500 1 .5 7 - - - - -
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